Experimental Comparison of Parametric Characterization Methods for Thermoelectric Generators by Pierce, Reginald D
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
5-2015
Experimental Comparison of Parametric
Characterization Methods for Thermoelectric
Generators
Reginald D. Pierce
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Pierce, Reginald D., "Experimental Comparison of Parametric Characterization Methods for Thermoelectric Generators" (2015).
Thesis. Rochester Institute of Technology. Accessed from
Rochester Institute of Technology
Experimental Comparison of Parametric
Characterization Methods for
Thermoelectric Generators
Author:
Reginald D. Pierce
Adviser:
Dr. Robert J. Stevens
A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science in Mechanical Engineering
Department of Mechanical Engineering
Kate Gleason College of Engineering
May 2015
Committee Approval
Dr. Robert J. Stevens Date
Thesis Advisor
Department of Mechanical Engineering
Dr. Satish G. Kandlikar Date
Committee Member
Department of Mechanical Engineering
Dr. Steven W. Day Date
Committee Member
Department of Mechanical Engineering
Dr. Alan Nye Date
Department Representative
Department of Mechanical Engineering
i
Abstract
Thermoelectric generator modules are solid-state semiconductor devices that convert heat directly
to electricity. Because thermoelectric generators are small and free of moving parts, they are well
suited to recovering waste heat from various processes, such as automotive exhaust, increasing the
overall energy efficiency of the process. Waste heat recovery is becoming increasingly important as
the global energy demand continues to rise. Recently, large improvements in thermoelectric materials
have been realized as a consequence of better nanoscale materials science which show great promise,
but accurate device-level characterization is needed in order to optimize device design. To date,
a handful of different characterization methods have been developed for thermoelectric generator
modules but these methods have not been rigorously compared.
Four characterization methods for thermoelectric modules, a steady state, rapid steady state,
modified Harman, and Gao Min method were compared on equipment designed in the RIT
Sustainable Energy Lab that has been thoroughly characterized and calibrated. Using a single
thermoelectric module and the aforementioned well-characterized test stand, the four methods
selected were compared side-by-side. The results obtained from each method were different despite
being derived from the same model of thermoelectric modules. The four methods compared had
never been directly compared using the same module, and our results indicate that one must know
both parameter values and the method used to obtain them in order to apply the results.
Analytic modeling suggested that the main cause of the discrepancy was the thermal resistance of the
thermoelectric module substrate and associated thermal contact resistances. Experiments confirmed
that separating the effect of thermal contact resistance could explain the discrepancies between test
methods, which implies that thermal contact resistance is an important thermoelectric module
parameter that should be measured. This conclusion is supported by other recent publications.
Based on the analytic model, we suggest multiple ways to measure thermal contact resistance by
combining common testing techniques. If thermal contact resistance is measured and integrated
into models of device performance, test results will be consistent between methods, thermoelectric
module models will have higher fidelity, and the effect of different manufacturing techniques on the
thermal contact resistance can be studied.
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Chapter 1
Introduction to Thermoelectricity and
Thermoelectric Modules
1.1 Thermoelectric Phenomena
The operation of thermoelectric modules is governed by three thermoelectric phenomena, namely
the Seebeck, Peltier, and Thompson effects; electrical resistance and heat conduction [1].
The Seebeck effect, named for Thomas Seebeck and illustrated in Figure 1.1, states that in a circuit
composed of two dissimilar materials with each junction at a different temperature, an electromotive
force (emf) will develop, which can induce an electrical current in the circuit. The potential generated
by the junction is given by eq. (1.1), where α is the Seebeck coefficient and the subscripts a and b
indicate the two materials which form the junction. The Seebeck coefficient is an intrinsic material
property which may be either positive or negative.
+
-
TH
TC
TC
A
B
V =
∫ TH
TC
(αA − αB)dT
Figure 1.1: The Seebeck effect.
1
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V = (αa − αb)∆T = αeff∆T (1.1)
Every material has an intrinsic Seebeck coefficient which is a function of temperature, but the
difference between the average Seebeck coefficients of the junction materials is typically expressed
as a single effective coefficient. Thermoelectric generators use semiconductor materials due to the
fact that semiconductors have high absolute Seebeck coefficients.
The Peltier effect is reverse of the Seebeck effect; when current is passed through a junction of
dissimilar materials, heat is emitted or absorbed at the junction, as shown in eq. (1.2), where Π
is the Peltier coefficient. Equation (1.3) shows the relationship between the Seebeck and Peltier
coefficients where T is the absolute temperature of the junction.
q = IΠ (1.2)
Π = αT (1.3)
The Thompson effect is similar to the Peltier effect, except it relates to the passage of current
through a conductor experiencing a temperature gradient, not to a junction. Equation (1.4) is the
heat generated per unit length by the Thompson effect. β is the Thompson coefficient and Tave is
the absolute average temperature of the conductor.
q′ = βI∇T (1.4)
β = Tave
dα
dT
(1.5)
Equation (1.5) is the relationship between the Thompson coefficient and the Seebeck coefficient.
Essentially, since each end of the conductor has a different Seebeck coefficient, it acts as a Peltier
device. The Thompson effect is difficult to model analytically and it is usually rolled into the effective
Seebeck coefficient when evaluating thermoelectric performance because the effects of the Thompson
effect in a thermoelectric are well approximated simply by using an integral averaged value of the
Seebeck coefficient [2].
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Practical thermoelectric devices always have heat and current flows, so thermal conductivity and
electrical resistance are important in thermoelectric analysis. The general expression for heat
conduction is given in eq. (1.6), where λ is the thermal conductivity and A is the cross-sectional
area perpendicular to the heat flow. Joule heating is the heat generated by the motion of current
through a conductor and it is given by Ohm’s Law, eq. (1.7), where R is the electrical resistance.
Both thermal conductivity and electrical resistance are considered losses in thermoelectric devices.
qCond = −λAdT
dx
(1.6)
qJoule = I
2R (1.7)
To optimize thermoelectric materials, it is customary to define the dimensionless quantity ZT , as
shown in equation (1.8), where α, ρ, and λ are the Seebeck coefficient, electrical resistivity, and
thermal conductivity, respectively, of the material at temperature T .
ZT =
α2T
ρλ
(1.8)
ZT is the thermoelectric figure-of-merit, which is related to the limiting efficiency of a thermoelectric
device [3, 4]. It can be shown that given a number of ideally constructed thermoelectric devices that
are placed between a hot and cold reservoir of heat, the device made from the material which has
the highest ZT value will be the most efficient, although it will not necessarily produce the most
power. A material with a ZT = 0 would not produce any power, while a material with ZT → ∞
could be used to construct a device that would operate arbitrarily close to the Carnot efficiency
limit. Current materials used in commercial off-the-shelf modules have ZT values close to 1 and
researchers have created materials with ZT values above 2.
1.2 Thermoelectric Modules
The voltage produced by a single thermoelectric junction is typically on the order of 100µV per
Kelvin of temperature difference, too small for most applications. In order to boost the voltage level
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to a usable value, many junctions (or couples) are connected electrically in series. The connected
junctions are arranged into a module such that every couple sees the same temperature difference.
A thermoelectric module (TEM) is composed of electrically insulating substrates to isolate and
provide structural support to the couples, electrical connections between all the couples, and
electrical leads to connect the module to the larger system. An example TEM is shown in figure 1.2.
Figure 1.2: Example thermoelectric module. Adapted from Snyder and Toberer [5].
The model typically used to describe the heat flow through thermoelectric modules is given by
equations (1.9) and (1.10), where q, T , and I are the heat rate, temperature, and current; the
subscripts H and C denote the hot side and cold side of the module, respectively; and α, R, and
K are model parameters that depend on the device. α, R, and K are also generally functions of
the mean temperature of the device. This model has been shown to give accurate results for the
behavior of commercial thermoelectric generators at steady state [6].
qH = αITH − 12I2R +K(TH − TC) (1.9)
qC = αITC +
1
2
I2R +K(TH − TC) (1.10)
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Power generated can be computed by an energy balance, which leads to eq. (1.11). The voltage
potential developed can be found from the equation for power by dividing by current, I.
P = qH − qC = αI(TH − TC)− I2R (1.11)
V = α(TH − TC)− IR (1.12)
In the model above, note that the the properties α, R, and K do not necessarily correspond to the
material properties of the thermoelectric elements that compose the module. Rather, the constants
α, R, andK in equations (1.9) through (1.12) aremodule-level properties which integrate effects from
the module construction such as the module substrate, electrical and thermal contact resistances,
etc.
Like in materials, a figure of merit can be defined for TEMs. The module-level figure of merit is
defined by replacing the material properties α, ρ and λ with the module-level property analogs α,
R and K, as in eq. (1.13). Note that although α is used to denote both the module-level Seebeck
coefficient and the material property, they are distinct values.
ZT =
α2T
RK
(1.13)
In commercial modules, ZT is often 0.5 to 1, which corresponds to thermal efficiencies of 2% to
5%. Although the efficiency is low, TEMs have advantages over other heat engines, which leads to
several applications.
1.2.1 Improving TEM Performance
The most obvious path to improved thermoelectric performance is to use material with higher ZT
values, but several other opportunities exist to improve TEM performance. They include higher
operating temperatures, increased power density, optimized leg geometry, improved manufacture
quality, better system integration, and novel arrangements such as multi-material segmented,
functionally graded, or cascaded thermoelectric modules [7, 8]. Each of these paths to improvement
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needs rapid, accurate characterization systems with which to examine prototype devices. All of
these opportunities rely upon optimizing factors which transcend the materials from which a device
is constructed.
Thermoelectrics that can operate at high temperatures have received increased attention in recent
years as a way to increase efficiency and allow for a greater range of applications. Equation (1.14)
yields the maximum possible efficiency for a module with a given ZT value when both the module
geometry and load resistance are both optimized for conversion efficiency [3]. M is the ratio of the
optimum load resistance to the internal resistance of the module.
η =
Th − Tc
Th
M − 1
M + ThT−1c
, M =
√
1 + ZT (1.14)
Equation (1.14) shows that the maximum efficiency of a traditional thermoelectric generator
operating with the cold side at ambient temperature (300K) and the hot side at 500K with a
ZT of 1.0 would have a maximum efficiency of 7.4%. With the same ZT-value, a module with a
hot-side temperature of 800K could attain 14% efficiency.
The values obtained for various values of ZT and temperature are plotted in Figure 1.3. In addition
to increased efficiency, TEMs able to operate at higher temperatures would be more suitable for
waste heat recovery from high-temperature sources such as automotive exhaust.
Optimizing the geometry and manufacture of modules has several facets. In order to be useful to
power generation, a module needs to not only have good efficiency, but also to absorb a large amount
of heat [9, 10]. Min and Rowe showed that short leg lengths yield the maximum power output as long
as electrical and thermal contact resistance is controlled [11]. Suhir and Shakouri and Al-Merbati
et al. have also performed analyses to determine how to reduce thermal stress so as to increase
longevity [12, 13]. Finally, it is important to have good thermal and electrical contacts to minimize
parasitic losses, something Rowe and Min call the “manufacture quality factor” [14].
System integration of thermoelectrics focuses on how to best deliver heat to the modules and how
to best extract the power produced in a useful form. Common challenges encountered include high
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Figure 1.3: Efficiency vs. Temperature for a Carnot heat engine and selected values of ZT assuming
that the cold reservoir is at 300K. Current commercially available TEMs have a ZT of 0.5–1. Lab-
scale materials may reach 2–3.
thermal leakage through the TEM mounting hardware, module mismatch leading to parasitic loop
currents, and high thermal contact resistances [15, 16].
In a simple TEM, each leg is is a uniform material, which means that under a large temperature
difference, the value of ZT varies appreciably with position along the leg. Segmentation, functional
grading and cascading are all methods to avoid the loss of efficiency that results. A segmented
thermoelectric fuses segments of different materials to make a leg. The hot-side of each leg is
composed of a material that operates well at high temperatures and the cold side of a different
material that operates well at lower temperatures. Functionally graded legs are similar in concept
except that they vary the concentration of dopants (intentional impurities) along the leg to change
the material properties. Articles by Caillat et al., D’Angelo et al., and Bensaid et al. describing
the performance of these types of module have reported efficiencies up to 15% [8, 17, 18], although
Snyder et al and Min et al have separately noted that various phenomena may limit the potential
of these methods [4, 19].
In contrast to segmented and functionally graded thermoelectrics, cascaded modules stack multiple
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modules each designed for a different temperature range on top of each other. Cascaded modules are
easier to manufacture and do not suffer from material compatibility issues but they can be plagued
by high parasitic contact resistances. Figure 1.4 illustrates all three designs.
(a) Segmented Legs (b) Functionally graded TEM.
Dopant concentration represented
by dot density.
(c) Cascaded TEMs
Figure 1.4: Illustration of how thermoelectric devices may be modified to efficiently utilize large
temperature difference. In these images the color gradient represents the temperature gradient. The
hot side is on the top.
1.3 Applications
Although less efficient than other heat engines, thermoelectrics are attractive because they are
compact, modular, have no moving parts, and can operate at both lower mean temperatures and
smaller temperature differences than most other heat engines. For example, portable refrigerators
often use TEMs because low weight is a priority and cooling loads are small enough that efficiency is
not a concern. Thermoelectric refrigerators can also be quieter than conventional vapor-compression
refrigeration systems.
Like any heat engine, thermoelectrics can either refrigerate or generate, however thermoelectrics
are unique in that the same device can switch the direction of heat flow by simply reversing the
electrical polarity. The ability to both heat and cool gives thermoelectrics an advantage in systems
that require precise temperature control, such as laser amplifiers. In precise temperature control
applications, the compactness and low thermal mass of TEMs may also be advantageous.
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Thermoelectric power generation has less mainstream use outside space applications, but in the past
decade, waste heat recovery using TEMs has seen a surge of research due in part to rising energy
costs, declining TEM costs, and increasing public awareness of the negative environmental impacts
of excessive energy use. New understanding of nano-scale heat transfer has fueled improvements in
thermoelectric materials. Better materials and improved device design promise to allow electricity
to be generated from previously unusable energy [7]. In addition, thermoelectric developers continue
to push the temperature limit of TEMs higher, which increases the efficiency and maximum
power generated. Authors such as Haidar and Ghojel and Heading, Marano, et al estimate that
thermoelectric waste heat recovery could increase automobile efficiency anywhere from 2% to 20%
depending upon module selection and automobile configuration [20, 21].
High-temperature TEMs are ideally suited to automotive applications because their size and
capabilities are well matched to the thermal system of a typical automobile. An automobile’s exhaust
is a high-temperature concentrated heat source, which allows easy capture and high efficiency. TEMs
are smaller and lighter than most waste heat recovery systems, therefore the weight of the heat
recovery system doesn’t negatively impact car performance. In addition, TEMs are capable of coping
with fluctuations in heat output that occur as the car changes speeds. Furthermore, the coolant of
a car can be used as the cold reservoir for the thermoelectric generator [22]. The confluence of
advantages has spurred the development of high temperature TEMs for automotive waste-heat
recovery applications.
1.4 Characterization
TEM characterization and testing is integral to thermoelectric device improvement because accurate
characterization of thermoelectric modules allows for system modeling, model validation, and
physical design optimization. Currently, there is no standardization of TEM test methods and
the parameters used to describe module cannot easily be compared [23]. The spate of recent
developments in thermoelectric materials that increases the temperature range and efficiency of
TEMs means that there is an increasing need to accurately test TEMs. Without accurate and
repeatable testing, TEM development is necessarily isolated to individual groups. The aim of this
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work is to contribute to the nascent standardization effort for thermoelectric generator testing and
improve testing accuracy.
Chapter 2
Thermoelectric Testing
Thermoelectric testing is a broad topic because thermoelectrics are tested for different purposes,
and each purpose requires slightly different test equipment and procedures. There are three basic
classes of testing approaches: materials testing, performance testing, and parametric testing.
Material Testing When thermoelectric materials are tested, the goal is generally to evaluate
a new material formulation or to test a material sample against a specification. Material tests
gather one or more of the following properties: Seebeck coefficient (α), electrical resistivity (ρ),
thermal conductivity (λ), figure of merit (ZT ), and power factor (α2/ρ). Material tests are often
performed with relatively small physical dimensions and temperature differences, and the heat rates
and voltages encountered during testing are correspondingly small. For this reason, and to make the
results representative of a larger sample of material, material testing takes great care to eliminate
all sources of interference in the test such as electrical contact resistance, stray heat flow, and
temperature non-uniformity. Material tests are run over a range of temperatures to obtain the
material properties as a function of temperature.
For material testing, each material property can be computed from individual instruments, e.g. a
laser flash apparatus for thermal conductivity, a digital multimeter for electrical resistivity, and a
Z-meter or Seebeck tester for the thermoelectric properties. Material testing can also be conducted
by the parametric methods described below. Nakama, Burkov, et al provide a detailed description
11
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of how to design an accurate material testing device, and a setup was used by Iwasaki, Koyano,
et al [24, 25]. Muto, Kraemer, et al confirm thermoelectric property measurements by calculating
the thermoelectric properties from two different measurment methods [26].
Performance Testing After manufacturing a thermoelectric module (TEM), performance testing
may be used to evaluate the construction of the module. Instead of measuring material properties,
performance testing focuses on the module performance, measuring one of more of the following:
voltage, current, heat absorbed, heat rejected, electric power generated or consumed, and efficiency.
Like material tests, performance tests are run over a range of temperatures, but in performance
testing, it is also important to test a range of temperature differences and electrical loading conditions
to cover the operating range of the TEM.
Performance testing is often used to evaluate the performance of a newly constructed system [27–29]
or test a new thermoelectric module [30, 31]. Test results of different designs and processes can be
used to optimize the systems under test. Performance testing has also been used to evaluate TEM
models [32] and monitor device health in durability tests [33]. Furthermore, the data in many TEM
datasheets appears to be directly derived from performance testing.
Parametric Testing Parametric tests measure properties which can be used to extrapolate
performance, but which are not, strictly speaking, material properties. The properties measured
by parametric tests are simply temperature-dependent parameters of a predictive model. Once the
parameters are found by the test, the model is used to predict the performance of the tested unit.
A commonly used predictive model is the TEM model given by equations (1.9) through (1.12). This
model requires three parameters: α, R, and K. For a well-designed TEM, the values of α, R, and K
should be driven primarily by the number, size, and material of the legs, but will also be affected
by the electrical connections, substrates, and other details of TEM construction.
Parametric tests sit at the intersection of material and performance testing. Like performance testing,
goal of parametric tests is often to predict the performance of modules, but parametric testing,
instead of returning results that are only valid for the points tested, yields results that can be used
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at any operating condition. This may allow for easier system design and less time spent testing the
thermoelectric [34–36].
2.1 Parametric Test Methods
2.1.1 Steady State Method
The simplest parametric testing method is to fix the hot and cold side temperature and measure
heat rate, voltage, and current for a set of applied electrical loads. The loads generally include
open circuit, short circuit and a number of intermediate loads [37, 38]. Provided that the module is
allowed to reach steady state at each load before data is taken, the equations (1.9) through (1.12),
which predict heat rate and voltage are valid at each data point. The Seebeck coefficient, α, and
electrical resistance, R, are found by fitting the voltage and current data to eq. (1.12). The thermal
conductance, K, is computed from temperature difference and heat rate at open circuit (I = 0),
using eq. (1.9). Figure 2.1 shows a representative plot of temperature, heat rate, voltage, and current
over time.
The raw data collected from a steady state test is a sweep of voltage and current for each temperature
condition tested and a corresponding set of heat rate data. Figure 2.2 shows example voltage and
current data collected from a TEM manufactured by Thermonamic.
The major drawbacks of the steady state method are that it requires the heat rate to be measured
and the time it takes to complete a test. Due primarily to the fact that the range of thermal
conductivity in engineering materials is small it is difficult to measure heat rate accurately. The
difference between the most and least thermally conductive materials is about five to six orders of
magnitude. For reference, the difference between the most and least electrically conductive materials
(excluding superconductors) is about fifteen orders of magnitude. In practice, this means that the
efficiency and conductance of thermoelectric modules is often incorrectly estimated [23, 39] Methods
of measuring heat rate for module testing are discussed in chapter 4. The steady state method can
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Figure 2.1: Schematic test profile of the steady state test
also be more time consuming than some other methods because it takes time for the module to
reach steady state at each data point.
2.1.2 Rapid Steady State Method
A variation on the steady state method recently presented by Mahajan at al. uses a fast
programmable electronic load to avoid disturbing the thermal state of the module [40]. The rapid
steady state (RSS) method starts with a module at steady state with fixed temperatures and current.
The initial heat rate, temperatures, voltage, and current are measured. A fast-acting electronic load
is used to make short duration steps to a set of voltages, ranging from open to short circuit conditions.
Voltage and current are measured at each step. Data analysis proceeds as in the steady state
method. Figure 2.3 shows a simulated test profile and a voltage trace showing how the temperature
is impacted by the step duration. For short duration steps, the temperature time constant is much
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Figure 2.2: TEM Voltage and current sweep for various temperature differences, Thermonamic
TEP1-1264-1.5 module.
greater than the step duration and the temperature change is negligible. For longer duration steps,
the temperature change can be measured by the voltage change during the step. By choosing an
appropriate step size, the electronic load will have time to settle to a stable value, but the thermal
state will have negligible change.
One advantage of the RSS method is that it can be run from any initial electrical loading We
tested the RSS method with two different initial electrical loads, denoted by RSS Open and RSS
Short in the results. The RSS open method starts from a steady state open circuit condition while
the RSS short method starts from steady state short circuit condition. The RSS short method,
therefore, has a different temperature profile and higher heat rate than the RSS open method. The
initial temperature profile remains steady throughout the voltage-current measurements because the
electrical switching happens faster than the thermal response time.
The RSS method is much faster than the steady state method and because its short duration loads
do not disturb the thermal state, it is useful for periodic module characterization during a durability
test.
On the downside, it, like the steady state method, requires a heat rate measurement and additionally
requires high-speed electronic loads and data acquisition equipment, increasing the complexity of
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the test equipment required.
2.1.3 Harman Method and Its Derivatives
The Harman method [41] was devised by T. C. Harman to compute ZT using only voltage and
current measurements. Holding one side of the module adiabatic, a square-wave alternating current
is generated by a chopper circuit that reverses the polarity of the current at regular intervals. The
voltage across the device is measured and fed through a synchonized chopper circuit to obtain a
steady voltage measurement Vac. Still holding one side of the module adiabatic, the chopper circuit is
stopped so that a direct current is passed through the device. Once the device reaches steady state,
the voltage is measured again as Vdc. Harman showed that ZT could be computed from eq. (2.1) [41].
Iwasaki, Koyano, et al [25] provide a good description of both the Harman method and its practical
application.
ZT =
Vdc
Vac
− 1 (2.1)
Buist’s modified Harman method, which he called TRANSIENT, applied modern high-speed data
acquisition methods to improve the accuracy of the original [42]. One side of a thermoelectric
module is held adiabatic and the other side at constant temperature. A current is applied to set
up a temperature difference and then removed once the test reaches steady state. The voltage
immediately before and after the current is removed, Vi and Vo respectively, are measured along
with the steady state temperatures. To eliminate the effects of Joule heating the test is run twice,
once with the module in normal polarity and once in reverse polarity. Equations (2.2) through (2.5)
give the thermoelectric properties, where T1 is the temperature of the adiabatic side of the module
and primes denote reverse polarity.
α =
Vo − V ′o
T1 − T ′1
(2.2)
R =
(Vi − V ′i )− (Vo − V ′o)
−2I (2.3)
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K =
−αI(T1 + T ′1)
T1 − T ′1
(2.4)
ZT =
Vo − V ′o
(Vi − V ′i )− (Vo − V ′o)
(2.5)
Figure 2.4 shows the progression of the test with the voltages Vi and Vo labeled.
The Harman method removes the need to measure heat rate, which often complicates test stand
design. In our tests the Harman method took longer than the steady state method, but if we modified
our test stand to optimize it for the Harman method, the time for testing would likely fall in between
the steady state and RSS methods.
The Harman method differs from all other methods investigated in this paper in two key ways. The
Harman method cannot create large temperature differences and the test results are free from any
interface resistances. Because the temperature difference in the Harman test is generated by the
module it is inherently limited by the module-level ZT and is typically about 5K to 20K. Under
testing conditions, there is negligible net heat flow across the module substrates into the hot and
cold reservoirs, which means that the temperature difference measured during the Harman test is
the temperature difference across only the thermoelements. The thermal resistance of the module
substrate and any contact resistance, therefore, is not included in the module conductance measured.
2.1.4 Gao Min Method
Min and Rowe devised a method using a constant heat rate [43]. Using eqs. (1.9), (1.12) and (1.13),
ZT can be expressed as a function of the open and short circuit temperatures if the heat rates are
equal at open and short circuit, i.e. qH,s = qH,o.
ZT =
∆To
∆Ts
− 1 (2.6)
In eq. (2.6) ∆To and ∆Ts are the open and short circuit temperature differences. The other
thermoelectric properties may be computed from eq. (2.7), eq. (2.8), and eq. (1.13), assuming that
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α is constant from open to short circuit.
α =
Vo
∆To
(2.7)
R =
α∆Ts
Is
(2.8)
Figure 2.5 shows a simulated Gao Min test with the measurements ∆To, ∆Ts, Vo, and Is labeled.
In both the Harman and Gao Min methods, the mean temperature changes during the test, however,
the mean temperature during the Harman method varies equally above and below the initial mean
temperature, so the initial mean temperature is used as the reference point for the data collected.
The Gao Min method is unique in that the properties are computed at the final mean temperature
because during the derivation of eq. (2.6), the mean temperature of the module, T , is defined as the
mean temperature at short circuit.
Gao Min I-V Curve Method In August 2014, Gao Min published another method which relies
on the same principle as the Gao Min method, but which relies on the higher apparent resistance
of thermoelectric modules under constant heat input conditions relative to constant temperature
difference conditions.
Summary Table 2.1 below shows a summary of the most pertinent differences between the four
methods discussed above. The complexity of test equipment required increases as you move down
and to the right.
2.1.5 Other Parametric Test Methods
There are other parametric test methods in the literature that do not collect the same parameters
as of the four methods discussed above.
Impedance Spectroscopy Impedance spectroscopy measures the electrical frequency response of
a thermoelectric module or material and fits the data to equivalent electrical models. Several different
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Table 2.1: Comparison of parametric test methods using the standard TEM model.
Slow Electrical Measurements Fast Electrical Measurements
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d Steady State
• large ∆T
• low uncertainty
RSS
• large ∆T
• low uncertainty
• preserves thermal
state
equivalent electrical models have been created [35, 44–47] which makes comparing impedance
spectroscopy methods difficult, but impedance spectroscopy is the only method in literature which
produces results applicable to a truly dynamic model.
McCarty I-V Curve Method McCarty and Piper described a method that is similar in
operation and principle to both the steady state and rapid steady state methods, but which modifies
the standard model to include a thermal resistance on each side of the module. The method allows
the measurement of the added thermal resistance, which McCarty and Piper refer to as HSR, by
measuring the heat rate and open circuit voltage at steady state, shorting the module, allowing
it to reach steady state again, and then measuring the heat rate and voltage immediately after
un-shorting the module.
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Figure 2.3: Rapid steady state test profile
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Figure 2.4: Schematic test profile of the modified Harman test
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Figure 2.5: Schematic test profile of the Gao Min test
.
Chapter 3
Problem Statement
While evaluating the performance of a newly constructed test stand designed for parametric
characterization of thermoelectric modules, we noticed discrepancies between the different methods.
There appeared to be no literature in which multiple test methods were compared on the same
test equipment, which would enable the methods to be compared independently of the the test
equipment.
This aim of this work is to provide both a rigorous comparison of parametric test methods that
use the standard model of thermoelectrics and to explain, by experimentally validated models, the
differences between the testing methods. Specifically, the steady state method [6], the rapid steady
state method [40], Buist’s modified Harman method [42], and the Gao Min method [19] will be
performed on a single module in a well calibrated test stand. Each method will measure the Seebeck
coefficient, α, the electrical resistance R, the thermal conductance K, and the figure of merit ZT .
The results obtained from each method will be compared, and physical explanations will be given
for the observed differences.
The results of this work will allow thermoelectric designers to more accurately predict the
performance of thermoelectric systems from test data and contribute to ongoing efforts in
thermoelectric measurement standardization.
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Chapter 4
Experimental Setup
4.1 Equipment Used
To perform all four tests identified in the problem statement requires a test stand capable of precise
temperature and heat rate control which can both source and sink current to the module with high
temporal resolution. Measuring equipment capable of recording temperature, voltage, current, and
heat rate is also required.
The test equipment used for these experiments is described in a paper by Mahajan, Pierce, and
Stevens [40]. The test equipment has the capability to apply temperatures ranging from 70 ◦C to
800 ◦C and 40 ◦C to 500 ◦C to the hot and cold sides of a TEM, respectively. The design uses a
guarded hot plate to measure heat supplied to the TEM which was highly influenced by Rausher’s
work on measuring TEM efficiency [48]. An overview of the test system is shown in fig. 4.1.
4.1.1 Operation
For a test to be conducted, a TEM is placed between the hot side and cold side heater (optionally
with a thermal interface material to reduce contact resistance) and a clamping pressure is applied
by an air cylinder. The pressure of the air is regulated by a servo valve and the force exerted by
24
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Figure 4.1: Test stand systems
the air cylinder on the cold side heater assembly is measured by a load cell. The force is monitored
during the test to ensure a consistent pressure on the TEM faces. Consistent mechanical loading
ensures that the contact resistance is repeatable over multiple tests.
The heater elements are contained within an airtight enclosure that may be purged with argon if an
inert atmosphere is required to limit corrosion of the heaters and/or the thermoelectric materials at
high temperatures.
4.1.2 Heat Rate Control
The problem of heat rate control and measurement is the most difficult condition to meet. Heat rate
may be measured either by measuring the inputs to the heat source or by measuring the temperature
gradient in a material of known thermal conductivity, such as iron, aluminum, or copper [49, 50].
The former method further requires either that the heat losses are minimized or known. To minimize
the heat losses, some authors use a symmetric arrangement of thermoelectric modules sandwiched
around a thin resistive heater, as in figure 4.2 [51, 52]. Other authors choose to calibrate their test
equipment so that the losses are known [6].
The test stand used for this work measures the heat rate by measuring the electrical power supplied
to cartridge-type resistive heaters and minimizes the heat loss by another “guard” heater which is
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Figure 4.2: Symmetric TEM test setup developed by Ciylan, Yilmaz, et al [51].
maintained at the same temperature. Figure 4.3 shows a detailed view of the heaters used for our
test stand. The guard heater assembly is controlled such that it matches the temperature of the main
Figure 4.3: Test system heaters
heater, thus minimizing the heat flow between the main and guard heaters. The guard heater was
designed such that the main heater would have a uniform temperature at the TEM-heater interface
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within 0.05K and so that no more than 2W of heat would transfer between the main and guard
heater under normal operation. Testing of the guard heater assembly, described in the following
section, showed that actual transfers between the guard and main were about 1W at steady state
under normal operation. The other methods of measuring heat rate were considered, but deemed to
be not accurate enough over the wide temperature range for which the stand was designed.
4.1.3 Temperature Control
The temperature of the main, guard, and cold heater is controlled by Watlow EZ-Zone PID
temperature controllers. The temperature of each heater is measured with a K -type thermocouple
and the EZ-Zone controllers adjust the electrical power delivered to each heater by changing the duty
cycle of solid state relays connected to each heater. Both closed loop (temperature controlled) and
open loop (heat rate controlled) modes are available. The temperature setpoints of each EZ-Zone
PID controller may be adjusted manually or automatically through the LabView control software
which runs the TEM tests. The connection to the control software enables automated temperature
changes between tests and enables the control software to switch to constant heat rate mode during
the Gao Min or Harman methods.
On the cold side of the module, the combination of an electrical heater and a spacer material allows
the cold heater to be maintained at temperatures greater than 40 ◦C, which is the upper limit of
the chiller which supplies temperature-controlled water to the heat exchanger. The spacer may be
aluminum, stainless steel, or ceramic depending on the test requirements.
4.1.4 Electrical Control
The electrical state of the thermoelectric module is controlled by a Kikusui PLZ164WA
programmable electronic load that has constant voltage, constant current, and constant resistance
control. For all tests except the Harman method, the electronic load is connected to the TEM under
constant voltage control with a four-wire connection, as shown in figure 4.4. The PLZ164WA has
the capability to supply a small amount of power to overcome the resistance of the leads from the
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TEM to the electronic load and the four-wire connection ensures that the electronic load reaches
exactly 0V at the TEM leads when commanded to go to short circuit. For the Harman method,
PLZ164WA
V+
V-
VS+
VS-
TEM
+
-
0.010 Ω
DAQ
Figure 4.4: Normal electronic load connection for constant voltage operation
bipolar current needs to be supplied to the TEM, but the PLZ164WA does not have power supply
functionality and only operates with a fixed polarity. The Harman test is therefore setup with an
external power supply and a polarity reversal switch as shown in figure 4.5. In the configuration
shown in figure 4.5, the PLZ164WA is set to constant current mode and the DC power supply biases
the V+ and V- terminals such that V+ is always greater than V-. Supplying a fixed amount of
current to the TEM is accomplished by setting the desired current on the PLZ164WA and setting
the current polarity with switch S1.
4.1.5 Data Acquisition
Data acquisition is performed by two National Instruments (NI) USB data acquisition devices.
Temperature data is collected by a NI 9123 thermocouple reader with integrated cold junction
compensation at 100 samples per second per channel. Voltage and current data for the thermoelectric
PLZ164WA
V+
V-
VS+
VS-
TEM
+
-
+ −
5V
0.010 Ω S1
DAQ
Figure 4.5: Circuit diagram for Harman method tests
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and for the main heater are collected by a NI USB-6341 general purpose device. The voltage from
the TEM is measured directly. The voltage of the main heater is measured indirectly, using an
Ohio Semitronics VT7 voltage transducer. Currents are measured by measuring the voltage across
shunt resistors. The shunt resistors are located away from sources of heat and their values measured
precisely using a four-wire connection to a Keithley 2000 digital multimeter.
The NI USB-6341 has the capability to read one million samples per second aggregated across all
channels, but under normal data recording, such as when performing the steady state or Gao Min,
data was collected at 1000 samples per second per channel. The rapid steady state and Buist’s
modified Harman method require fast data acquisition to capture the step response behavior of the
module under test. To measure step responses, data collection was triggered by the PLZ164WA
electronic load prior to the step and data was collected for the TEM voltage and current only at
250 000 samples per second.
4.1.6 Data Processing
Under normal data acquisition mode, temperature, voltage, and current are logged and averaged
over one minute intervals and logged. The power of the main heater is calculated by multiplying
main heater voltage and main heater current before averaging over one minute intervals. In addition,
the main heater power is run through a two-period moving average to smooth heat rate fluctuations
that occurred as part of the normal operation of the PID heater controllers.
4.2 Calibration and Verification
4.2.1 Heat Rate
To verify the accuracy of the measured heat rates, we tested materials with published thermal
conductivity values. The equation for thermal conductivity is given by equation (4.1), below, where
λ is the thermal conductivity, q is the heat rate, l is the thickness, A is the cross-sectional area
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perpendicular to the heat flow, and TH and TC are the hot and cold side temperatures respectively.
The thickness, area, and temperatures can be measured to known accuracies, therefore a difference
between measured and published data for conductivity could indicate an error in the heat rate
measurement.
λ =
ql
A(TH − TC) (4.1)
We selected materials with similar dimensions and thermal resistance values as our thermoelectric
modules to ensure that the heat rates measured would be similar to those in thermoelectric tests.
Most of our thermoelectric generator modules have a footprint of about 40x40mm and a thickness
of about 5mm. The total thermal resistance of a typical module is on the order of 1K/W. Many
glasses have a similar resistance at those dimensions. Preliminary tests were performed with Schott R©
Borofloat, but fused quartz was used during calibration for its stability at high temperatures. The
published thermal conductivity values for fused quartz were obtained from Hereaus Quarzglas [53],
the manufacturer of the test samples. Comparing the manufacturer’s values to other published
thermal conductivity values showed that a 10% uncertainty should be expected for published quartz
conductivity values [54, 55].
Figure 4.6 shows the measured conductivity of a sample of fused quartz. The data is compiled from
tests over a course of three days. The sample was remounted in the test stand each day. No thermal
interface material was used to minimize the thermal contact resistance. The data points are plotted
against the mean temperature of the test. For each data point, the measured temperatures were
adjusted to compensate for the distance (2.5mm) between the measuring thermocouple and the
surface of the quartz as well as the contact resistance between the quartz and copper heater.
The contact resistance between the quartz sample and the copper heater was determined by testing
samples of several thicknesses. Considering the equation for the lumped thermal resistance between
the hot and cold heaters, (4.2), it is apparent that in the limit of a zero-thickness sample, the contact
resistance alone would remain.
R′′c = R
′′
c +
l
λsample
+R′′c (4.2)
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Figure 4.6: Measured and published conductivity for quartz. Corrected conductivity assumes
1× 10−4 Km2 W−1 contact resistance for each interface.
In eq. (4.2), R′′c is the area-wise contact resistance, l is the sample thickness, λsample is the thermal
conductivity of the sample, and R′′c is the area-wise total thermal resistance. We can assume that
the thermal contact resistance is approximately the same for each test because the samples surfaces
and the compressive load applied are both consistent. The total thermal resistance can be found
from measurements of the heat flux and temperatures across the sample, and a linear fit of thermal
resistance versus thickness of sample yields twice the contact resistance as the y-intercept.
Three sample thicknesses were tested: 1.67mm, 6.35mm, and 6.57mm and for each sample thickness,
three different thermal interface materials (TIM) were studied: no TIM, Ambrosia HT alumina
thermal grease, graphite foil. For the tests including a TIM, the TIM was applied to both sides of
the sample. A compressive load of 700 kPa to 800 kPa was applied to the sample for each test. The
quartz sample was brought to the desired mean temperatures with a 100K temperature difference.
The dimensions of each quartz sample before the TIM was applied, and the temperatures and heat
rate at each mean temperature were recorded.
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The area wise thermal resistance of each test was calculated from eq. (4.3), where A is the cross
sectional area of the the sample, q is the heat rate, and ∆T is the temperature difference.
R′′ =
A
q
∆T (4.3)
By regressing R′′ against the thickness of the sample at each temperature, the contact resistance was
found for each TIM. The tests were performed at mean temperatures of 150 ◦C, 175 ◦C and 200 ◦C
for all TIMs and also at 250 ◦C and 350 ◦C for no TIM. The contact resistance did not appreciably
change with temperature. To compute the results, shown in table 4.1, data for all temperatures for
a given TIM were lumped together and the regression regressed against thickness. Figure 4.7 shows
a simple fit curve for graphite foil.
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Figure 4.7: Fit of area wise resistance vs. thickness for graphite foil-coated quartz
Table 4.1: Thermal contact resistance between quartz and nickel-plated copper for three different
TIMs
TIM R′′c (m2 WK−1) Uncertainty
None 9× 10−5 3× 10−5
Thermal Grease 1× 10−6 1× 10−5
Graphite Foil 1.1× 10−4 4× 10−5
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The uncertainty of R′′ was computed from the uncertainty in the temperature difference, heat
rate, and measured dimensions of the sample by propagation of uncertainties. The measurement
uncertainties in temperature difference, heat rate, and sample linear dimensions were taken to be
1K, 1W, and 0.02mm, respectively. The uncertainties were incorporated in to the linear regression
using York’s least-squares fitting method with x and y errors [56]. York’s method inversely weights
each data point according to the uncertainty of that point and incorporates the uncertainties into
the standard error of the linear regression. The result of the York least-squares fit is a slope and
intercept with uncertainties that take into account the uncertainty in the input data. See section A.1
in appendix A for the uncertainty calculation details.
Using the thermal contact resistance for no TIM and rounding to 1× 10−4 m2 WK−1, the measured
conductivity shown in figure 4.6 was corrected to yield the corrected conductivity also shown in
figure 4.6. Figure 4.6 also contains the manufacturer’s published conductivity data for the quartz
with a 10% tolerance. Every corrected data point, within uncertainty, matches the published data.
4.2.2 Temperature
All thermocouples used for testing were calibrated before use. Watlow K-type ungrounded
thermocouples were used for the test equipment. To calibrate the thermocouples, a thermocouple
that had been calibrated against a standard from 20 ◦C to 600 ◦C was placed into a block of
copper 40 x 40 x 8mm in size. This thermocouple was used as a reference temperature. All other
thermocouples used in the test equipment were placed into the same copper block. The copper
block was placed on the main heater with insulation surrounding it on all other sides. Using the
main heater, the copper block was heated to 700 ◦C and then allowed to cool slowly. Due to the slow
cooling speed and the high thermal conductivity of copper, simple models showed that the actual
difference in the temperature of the copper block between any two thermocouples would be less
than 0.1K. Temperature from all thermocouples was logged during the cooling phase in one minute
increments.
After the block had cooled fully, temperatures logged during cooldown and the calibration data for
the reference thermocouple were used to create a calibration table mapping measured values for
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each thermocouple to true values. The calibration table was then added to the data acquisition task
in NI Measurement and Automation Explorer so that the data collected by the NI 9123 DAQ would
be automatically calibrated.
After calibration, the temperature measurements were checked by repeating the heating to 200 ◦C
and allowing the copper block to cool, as before. The maximum deviation from the average
measured temperature was 0.2K. Thermocouples tend to drift over time, so the uncertainty for
each thermocouple was taken as 0.5K to be conservative.
Chapter 5
Experiments Performed
5.1 Procedure
The four parametric methods based on the standard model, namely steady state, rapid steady
state, modified Harman, and Gao Min methods, were implemented on the test equipment described
in chapter 4. For each testing method, α, R, K, and ZT were collected at mean temperatures of
approximately 370K, 420K, and 460K. Because measurements with the RSS method are not as
time consuming as other methods, the RSS method was conducted at additional temperatures in
order to visualize temperature dependence more clearly.
All tests were performed on a single Bismuth Telluride-based module, a Thermonamic TEHP1-1264-
0.8. The Thermonamic TEHP1-1264-0.8 is composed of 126 pairs of legs in a 40 x 40mm package.
It is optimized for power generation and can withstand hot side temperatures up to 325 ◦C. The
configuration of the TEHP1-1264-0.8 is similar to many off-the-shelf power generation modules
currently on the market.
Every test method was run at a range of temperature differences except the Harman method,
which is limited to small temperature differences. All methods except the Harman test were run
with 20K and 100K temperature differences. The Gao Min and RSS methods were also run at
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SI150,200K temperature differences. The Harman test was run with 0.5A of current, which produced
a temperature difference of 8K to 10K depending on the mean temperature.
As in the case of the quartz used for test stand validation, a 700 kPa to 800 kPa compressive load
was applied to the module for each test. The TEHP1-1264-0.8 TEM comes with graphite foil TIM
pre-applied, which remained undamaged throughout the testing.
For practical reasons, the testing order was not randomized, but ZT was measured using the
rapid steady state (RSS) method at the beginning of each testing day at a mean temperature
of approximately 400K. Over the two week period during which testing was performed, the ZT
measurement showed no trend, which indicates no noticeable degradation of the single module used.
5.2 Data Processing
For each test, the temperature, heat rate, mechanical loading, TEM voltage, and TEM current were
collected at one minute intervals for the duration of the test by the test control software. Based
on user input to determine when the test is at steady state, the test control software logs steady
state points needed by the test methods. In addition, extra data was collected on the TEM voltage
and TEM current during “step” measurements, such as in the RSS and Harman tests. The step
measurements recorded TEM voltage and current with millisecond resolution in the vicinity of the
step so that the voltage immediately before and immediately after the step could be determined
accurately. The measurement uncertainties given to each measurement are listed in table 5.1.
Table 5.1: Measurement uncertainties for testing
Measurement Symbol Value Unit
Temperature T 0.5 K
Temperature Difference ∆T 1 K
Heat Rate q 1 W
TEM Voltage (normal) V 1 mV
TEM Voltage (after step) V 10 mV
TEM Current I 10 mA
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The details of the test procedure and data processing are included in chapter 2, but for clarity, a
summary of each method is included here.
Steady State The steady state method holds TH and TC fixed while varying the electrical load.
Starting from open circuit, V , qH , and I are collected when to module reaches steady state at a
given electrical load and then the electrical load is increased and the process repeats until the module
reaches steady state at short circuit. We used 7 evenly spaced electrical loads to span the range of
open circuit to short circuit.
The Seebeck coefficient α and the electrical resistance R are computed by fitting the collected voltage
and current data to V = α∆T − IR. Due to the fitting, the uncertainty of α and R is reduced by
√
n, where n is the number of data points collected. The thermal conductance K is computed from
the heat rate at open circuit qH,o divided by the temperature difference ∆T .
Rapid Steady State The rapid steady state (RSS) method holds TH and TC fixed while varying
the electric load, like the steady state method, however it varies the electric load quickly so the
temperature distribution doesn’t have time to change. The initial temperatures, heat rate, TEM
voltage, and TEM current are collected at steady state. An electronic load controlled by the test
control software applies 40ms loads ranging from open circuit to short circuit and voltage and
current are recorded during each step.
The properties are computed in exactly the same manner as the steady state method except that
since the method may start at any initial current, there might not be a heat rate measurement at
open circuit. Therefore, the thermal conductance is computed from the TEM model eq. (1.9), solved
here in eq. (5.1) for K.
K =
qH − αITH + 12I2R
TH − TC (5.1)
Modified Harman In the modified Harman method, one side of the TEM has its temperature
fixed and the other is kept adiabatic. A current is applied the TEM to create a temperature difference
and once it reaches steady state, the temperature of the non-fixed side (T1) is recorded along with
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the voltage immediately before (Vi) and after (Vo) the current is turned off is recorded. The process
is repeated for the opposite current polarity before moving to the next temperature.
One of the assumptions in the Harman method is that the heat generated by electrical resistance in
the TEM legs is small, so it is imperative to keep the current applied small. This tends to increase
uncertainty because the temperature difference is small relative to the uncertainty in temperature
difference 1K.
The equations used to compute the properties for the modified Harman method are reproduced
from chapter 2 below. The properties denoted with a prime symbol (′) are for the reversed polarity
run of the test profile.
α =
Vo − V ′o
T1 − T ′1
(2.2 revisited)
R =
(Vi − V ′i )− (Vo − V ′o)
−2I (2.3 revisited)
K =
−αI(T1 + T ′1)
T1 − T ′1
(2.4 revisited)
ZT =
Vo − V ′o
(Vi − V ′i )− (Vo − V ′o)
(2.5 revisited)
Gao Min The Gao Min method measures the temperature difference, TEM voltage and TEM
current at open circuit and short circuit for a fixed heat rate. In the original description of the
method by Gao Min, the TEM starts at open circuit and then moves to short circuit, but we found
it easier to move the opposite direction, from short to open.
We fixed the the heat rate to the TEM by setting the main heater to a constant duty cycle, but
since fluctuations in the mains voltage tended to cause the power to fluctuate, we checked that the
heat rate was actually the same at open and short circuit before recording the data.
The equations used to compute the properties for the Gao Min method are reproduced from chapter 2
below. In eq. (2.6) ∆To and ∆Ts are the open and short circuit temperature differences. The other
thermoelectric properties may be computed from eq. (2.7), eq. (2.8), and eq. (1.13), assuming that
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α is constant from open to short circuit.
ZT =
α2T
RK
(1.13 revisited)
ZT =
∆To
∆Ts
− 1 (2.6 revisited)
α =
Vo
∆To
(2.7 revisited)
R =
α∆Ts
Is
(2.8 revisited)
5.3 Results
The module level Seebeck coefficient, electrical resistance, thermal conductance, and ZT were
measured using all four methods. The properties were computed using the expressions noted above.
Figures 5.1 through 5.4 show the measured properties plotted against mean temperature. There are
five data series per plot: Steady, RSS Open, RSS Short, Mod Harman, and Gao Min.
As mentioned in Section 2.1.4, the results from the Gao Min method are plotted against the final
mean temperature. The steady state test was run at 20K and 100K temperature difference, but the
results were indistinguishable so the 20K temperature difference results are neglected for clarity.
The Seebeck coefficient (Fig. 5.1) measured using the steady state method was nearly constant over
the testing range with a slight peak around 420K. The RSS open results were indistinguishable
from the steady method, while the RSS short consistently resulted in smaller measured Seebeck
coefficients. The Gao Min method Seebeck coefficient values were similar to the steady state values.
The modified Harman method yielded Seebeck coefficient measurements at least 25% higher than
the steady state method at all temperatures tested.
The electrical resistance measured by both RSS methods and the modified Harman method were
indistinguishable but fall below the steady state method results (Fig. 5.2). The Gao Min method
electrical resistances agreed well with the steady state method.
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Figure 5.1: Seebeck coefficient
The thermal conductance (Fig. 5.3) measured by the RSS method was quite similar to the steady
state method, although the RSS short resulted in slightly higher values. The thermal conductance
measured by the modified Harman approach was at least 20% higher than the steady state method
for all points. The results from the Gao Min method varied depending on the temperature difference
across the module.
The measured values of the dimensionless figure-of-merit, ZT , (Fig. 5.4) were different for all
methods. All methods followed similar trends of peaking around 420K. The modified Harman ZT
was about 50% larger than the steady state measurements
Min et al reported that the ZT decreases as the temperature differences across the device increases
when using the Gao Min method [19]. We fit a second order polynomial to the steady state ZT
values vs. mean temperature and subtracted the equation of best fit from the ZT values obtained
through other methods, yielding the deviations from steady state ZT . Fig. 5.5 shows the deviations
from steady state ZT plotted against temperature difference. The Gao Min measurements showed a
slight decrease in ZT as the temperature difference increased, albeit weaker than the trend observed
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Figure 5.2: Electrical resistance
by Min et al. This trend was not observed for the steady state and RSS Open methods. The ZT
increased with temperature difference for the RSS Short method, although the uncertainty of the
trend is as large as the observed variation.
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Figure 5.3: Thermal conductance
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Figure 5.4: Dimensionless figure of merit
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Figure 5.5: Temperature difference dependence. The residuals from a quadratic fit to the steady
state results vs. mean temperature are plotted against the temperature difference. The Harman
method is not included because the Harman method was only tested at one temperature difference.
Chapter 6
Interpretation and Explanation of
Experimentally Observed Differences
The steady state, rapid steady state, modified Harman, and Gao Min methods are all derived from
the same model (eq. (6.10) through eq. (6.9)), with few additional assumptions. For this reason, if
the model correctly predicts the behavior of the modules, the differences between the test methods
should be vanishingly small as long as the assumptions are met. Since each measured property
exhibits noticeable differences, it must be that either the assumptions for each method are not met
or the model does not adequately describe the behavior of thermoelectric modules (TEMs).
The largest differences are between the Harman method and the other three methods, specifically
in the measurement of the Seebeck coefficient, thermal conductance, and figure of merit. Our first
avenue of investigation is therefore what makes the Harman method different.
6.1 An Improved Model
To resolve the parameter measurement differences between the Harman method and other methods,
consider the state of the module under test in each method. The parameter differences between
each method cannot be due to the temperature difference across the module, as all methods were
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conducted at small temperature differences. Although the smallest temperature difference for the
steady state, rapid steady state, and Gao Min methods (20K) is twice as large as the temperature
difference for the Harman method (10K), the results of the steady state and rapid steady state
methods showed no trend with respect to temperature difference, as shown in figure 5.5. Therefore
the difference must lie in the way the temperature difference is created: the Harman method
creates a temperature difference internally from an applied current, while the other methods have
a temperature difference imposed upon them.
Earlier work by Sandoz-Rosado and Stevens and more recent work by McCarty and Piper
indicates that the thermal resistance presented by the substrate significantly impacts the module
performance [6, 57]. This effect would explain the difference between the Harman and other methods
because very little heat flows across the substrate in the Harman method, due to the internally
imposed nature of the temperature gradient. In all other methods, all the heat which flows through
the TEM must also flow across the substrate. When heat flows across the substrate, it creates a
temperature drop across the substrate which reduces the temperature difference seen by the TEM
legs. In summary, for a given external temperature difference, the Harman method will have a larger
temperature difference across the thermoelectric legs.
An analytic model was developed to model the effect of the thermal substrate resistance (HSR)
to confirm the hypothesis that HSR is the cause of the differences between methods. Because
measuring electrical contact resistance is of interest, an electrical contact resistance was also modeled.
Figure 6.1a shows the physical schematic of the model developed. Figure 6.1b shows the equivalent
electrical and thermal circuits. The model in figure 6.1b is the simplest model that can reproduce the
effect of HSR. Heat conduction and current flow are both assumed to be one-dimensional through a
single thermoelement. The results of simulating this model are not intended to quantitatively match
the experimental results presented in chapter 5, however, if the results of this model qualitatively
match experiments, then further analysis can be performed to obtain quantitative confirmation.
Solving the heat diffusion equation for conduction with uniform heat generation caused by Joule
heating at steady state yields an expression for the temperature distribution in the thermoelement,
given by eq. (6.1), where T is the temperature, J is the current density, ρ is the electrical resistivity,
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Figure 6.1: A model incorporating thermal and electrical resistance outside the thermoelements
λ is the thermal conductivity, and C1 and C2 are unknown constants.
T (x) =
−J2ρ
2λ
x2 + C1x+ C2 (6.1)
The boundary conditions include conduction through the substrates, Peltier heating and cooling at
the leg-electrode interfaces, and heat generation from electrical contact resistance. In these boundary
conditions, the current and material properties are taken as givens. To obtain a solution, at least
one temperature and either a temperature or heat flux must be prescribed.
For prescribed external hot and cold side temperatures TH and TC , respectively, the boundary
conditions are given by equations (6.2) and (6.3), where J is defined to be positive in the x-direction,
R′′th is the area wise thermal substrate resistance (HSR) of each substrate, and R′′e is the area wise
electrical contact resistance.
−λdT
dx
∣∣∣∣
x=0
=
TH − T (0)
R′′th
− JαT (0) + J2R′′e (6.2)
−λdT
dx
∣∣∣∣
x=l
=
T (l)− TC
R′′th
− JαT (l)− J2R′′e (6.3)
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Eq. (6.4) shows the boundary conditions in matrix form. Linear algebra is used to solve for C1 and
C2.  −λ Jα + 1R′′th
−λ+ Jαl − l
R′′th
Jα− 1
R′′th
C1
C2
 =
 THR′′th + J2R′′e
− TC
R′′th
− J2ρl − J2ρl2
2λRth′′ +
J3αρl
2λ
− J2R′′e
 (6.4)
Solving eq. (6.4) yields C1 and C2
Alternately, the hot side temperature and heat flux TH and q′′H , respectively, may be prescribed.
The boundary conditions for this case are given by equations (6.5) and (6.6).
T (0) = TH − q′′HR′′th (6.5)
−λdT
dx
∣∣∣∣
x=0
= q′′H − JαT (0) + J2R′′e (6.6)
This set of boundary conditions is easier to solve because C2 can be determined directly from
eq. (6.5). Expressions for C1 and C2 for a prescribed hot side temperature and heat flux are given
by equations (6.7) and (6.8).
C2 = TH − q′′HR′′th (6.7)
C1 =
−1
λ
[
q′′H + J
2R′′e − JαC1
]
(6.8)
Once C1 and C2 are known, the voltage and heat rate can be found from equations (6.9) through
(6.11)
V = α(T (0)− T (l))− J(ρl + 2R′′e) (6.9)
qH = A
TH − T (0)
R′′th
(6.10)
qC = A
T (l)− TC
R′′th
(6.11)
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6.2 Simulated Tests
A Python application was written to solve eq. 6.4 through eq. (6.8), as appropriate, and use the
resulting temperature profile to simulate the testing methods. The application stores the material
properties needed solve the model and solves for C1 and C2 using a matrix solver. The steady state,
rapid steady state, modified Harman, and Gao Min methods can all be simulated by finding the
steady state temperature distribution under the boundary conditions defined above. The full source
code for the solver application can be found in Appendix B.
6.2.1 Steady State
For a given TH and TC , the temperature distributions were calculated for a set of J and the heat rate
and voltage were recorded for each temperature distribution. As an example, the data in table 6.1
was simulated for TH = 450K, TC = 350K. Voltage was calculated from eq. (6.9). Heat flux was
computed from eq. (6.10). Both voltage and heat flux were scaled up by 126, the number of legs in
the TEHP1-1264-0.8 TEM used for experiments.
Table 6.1: Simulated voltage, current, and heat rate at TH = 450K, TC = 350K for the steady
state method. Voltage and heat rate are scaled up by 126.
J (Am−2) V (V) qH (W)
0 2.302 27.36
2.5× 105 1.553 31.57
5.0× 105 0.803 35.47
7.5× 105 0.052 39.06
The measured properties were computed as described in section 2.1.1. A linear fit on voltage vs.
current density gives an intercept of 2.302V and a slope of −3.000× 10−6 Vm2 A−1. The Seebeck
coefficient is the intercept divided by the temperature difference, 0.02302VK−1. The electrical
resistance is the absolute value of the slope divided by the cross-sectional area of the leg, 1.78 Ω.
The thermal conductance is the heat rate at open circuit divided by the temperature difference,
0.274WK−1.
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6.2.2 Rapid Steady State
For a given TH , TC , and initial value of J , the temperature distribution was calculated. The heat
rate qH associated with the initial temperature distribution was recorded. Like the steady state test,
voltages were recorded for a set of J , however, the rapid steady state method assumes that the
temperature distribution does not change during the test, so unlike the steady state test C1 and C2
(and therefore T (0), T (l), and qH) remained constant for all J . Table 6.2 shows example data for a
simulated RSS open method.
Table 6.2: Simulated voltage, current, and heat flux at TH = 450K, TC = 350K for the RSS open
method. Voltage is scaled up by 126.
J (Am−2) V (V) qH (W)
0 2.302 27.36
2.5× 105 1.789 27.36
5.0× 105 1.294 27.36
7.5× 105 0.790 27.36
Once the set of V and I were obtained, the measured properties were computed as described in
section 2.1.2. The process is very similar to the steady state method process.
For the RSS short method, an additional step is taken a the beginning of the test to find the steady
state short circuit current. The temperature profile is solved for J = 0 and J = 1000Am−2 and
the voltages are recorded as V1 and V2. Because TEM behavior is linear, the short circuit current is
given by eq. (6.12), where A is the cross-sectional area of the leg.
Is = A · 1000Am−2 V1
V1 − V2 (6.12)
6.2.3 Modified Harman
For the Harman method, the hot side of the module is held adiabatic, so the boundary conditions
eq. (6.5) and eq. (6.6) were used, setting q′′H = 0. TH was also held constant.
Recall from section 2.1.3 that Buist’s modified Harman method requires that a current and
temperature be applied to a TEM and the voltage and the temperature which was not fixed be
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measured. In the simulation, since TH is held constant, TC is the temperature which was not fixed.
A fixed current I0 was used to solve for C1 and C2, and then TC was computed from eq. (6.3) and
voltage computed from eq. (6.9). Equations (6.13), (6.15), and (6.14) show the calculations in terms
of I0 and TH . Note that because q′′H = 0, T (0) = TH . Vo is eq. (6.9) evaluated with J = 0 at the same
temperature distribution as Vi to simulate the conditions immediately after the current is removed.
T1 = TC = R
′′
th
[
λ
dT
dx
∣∣∣∣
x=l
− I0
A
αT (l)−
(
I0
A
)2
R′′e
]
+ T (l) (6.13)
Vi = α(TH − T (l))− I0
A
(ρl + 2 ∗R′′e) (6.14)
Vo = α(TH − T (l)) (6.15)
For each test, T1, Vo, and Vi were collected. Measured properties were computed as described in
section 2.1.3.
6.2.4 Gao Min
For a given TH and TC , the temperature distributions were calculated for J = 0 by solving eq. (6.4).
The hot-side heat rate and voltage were recorded as qH,o and Vo, respectively.
To find the short circuit values at the same heat rate, the heat flux was set equal to qH,oA−1 and TH
was held constant. An initial guess for current, Ik, was made using eq. (6.16) and equations (6.7)
and (6.7) were used to solve for the temperature distribution. Iteration was performed to refined
the guess for current until the voltage was suitably close to zero. At each iteration step, k, the next
guess for current, Ik+1, was computed from eq. (6.17).
I = 0.1
α
ρl + 2 ∗R′′e
(T (0)− T (l)) (6.16)
Ik+1 = Ik
Vo
Vo − V k (6.17)
Once a solution was found by iteration, the cold side temperature and current were recorded as
TC,s and Is, respectively. The simulation differs slightly from the experiments in that the cold side
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temperature varies with time instead of the hot side temperature, but equations (2.6) through (2.8)
can still be used to find the module parameters, as described in section 2.1.4.
6.2.5 Results
Using the methods described above, the all four test methods were simulated for a range of
conditions. Unless otherwise specified in the plots, the properties and conditions shown in table 6.3
were used. Note that α in table 6.3 is a material property and is separate from the module-level
Seebeck coefficient measured by the test methods.
Table 6.3: Simulation settings
Property Symbol Value Unit
Mean temperature T 400 K
Temperature difference ∆T 100 K
Harman current I0 0.5 A
Electrical contact resistance R′′e 0 Ωm2
Thermal substrate resistance R′′th 1.67× 10−4 m2 KW−1
Effective Seebeck coefficient α 320 µVK−1
Electrical resistivity ρ 2× 10−5 Ωm
Thermal conductivity λ 1.8 Wm−1 K−1
Leg length l 0.8 mm
Leg area A 1.69 mm2
In the simulated tests voltage and heat rate were scaled up by a factor of 126 to simulate a 126-leg
module and the the leg geometry was chosen to match the TEHP1-1264-0.8 module. By choosing
these values, the results in the figures are similar in magnitude to tests of the TEHP1-1264-0.8
module.
The same five data series as the plots in chapter 5 are shown in figures 6.2 through 6.5 below.
Figure 6.2 shows the results plotted against the mean temperature. The temperature difference for
all except the Harman The properties of the thermoelectric remain constant over all tests, so the
trends in this figure result from the effect of the substrate thermal resistance on the Peltier heating
and cooling. The rapid steady state method which starts from open circuit and the Harman method
are the only methods which do not show trends with mean temperature.
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At any given temperature, the Harman method yields larger values for the Seebeck coefficient,
thermal conductance, and figure of merit than the other methods and matches the RSS method for
electrical resistance. This is consistent with the experiments. Also consistent with experiments is
the higher resistance measured by the steady state and Gao Min methods and the lower Seebeck
coefficient measured by the RSS short method.
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Figure 6.2: Simulated test data over a range of mean temperatures
Figure 6.3 plots the results of the test methods against various temperature differences. The mean
temperature for each of the temperature differences remains constant at 400K, as stated in table 6.3.
Figure 6.3 shows that the temperature difference does not make any difference on the results of
any method except the Harman method, where the measurement of the thermal conductance drops
slightly with increasing temperature difference. We did not observe this drop in experiments because
under real test conditions the Harman method does not normally reach the large temperature
differences shown here. The Gao Min method did not show the change in ZT with temperature
difference seen in experiment, however, the temperature difference dependence of the Gao Min
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method was hypothesized to arise from Seebeck coefficient gradients. Since the simulation uses
constant material properties, it can neither confirm nor refute the observations seen by Gao Min or
in this paper.
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Figure 6.3: Simulated test data over a range of temperature differences
In the simulation, HSR was computed from the substrate thickness. Figure 6.4 shows the measured
parameters plotted against substrate thickness, which serves as a proxy for HSR. R′′th is computed
from the substrate thickness and an internal contact resistance. Note that due to the way the model
is set up, HSR cannot be decreased to zero, but figure 6.4 shows that in the limit of zero HSR, the
methods converge. It also shows that the measurements made with Harman method are unaffected
by HSR. Both of these observations confirm the hypothesis that HSR is responsible for most, if not
all, of the discrepancy between methods.
Figure 6.5 shows the effect of electrical contact resistance. For the electrical contact resistance
simulations, R′′th was equal to 5× 10−7 m2 KW−1 so that the impact of electrical contact resistance
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Figure 6.4: Simulated test data over a range of substrate thicknesses
could be seen, independently of HSR. The results are shown in figure 6.5.
For reasonable values of electrical contact resistance, where the contact resistance is less than half
of the total resistance, the electrical contact resistance had no effect on the measurements of α or
K and all methods gave the same results for R. The lone exception is the RSS short method, but
the deviations are much smaller than those caused by HSR.
6.3 Model Validation
The improved thermoelectric model developed qualitatively predicts the observed experimental
trends and indicates that the cause of the trends is HSR alone. We hypothesize that the Harman
method measures module parameters without being affected by HSR. Furthermore, we hypothesize
that by formulating equations to separate R′′th from α and K, the rapid steady state method can be
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Figure 6.5: Simulated test data over a range of electrical contact resistances
made to measure module parameters without being affected by HSR. If the hypothesis is correct, the
measurements from the Harman method and “corrected” rapid steady state method should match.
Furthermore, if the hypothesis is correct, the value of R′′th measured by the “corrected” rapid steady
state method should increase by a known amount when a thicker substrate is placed on the module.
6.3.1 Computing Thermal Substrate Resistance (HSR)
To derive an expression for HSR, start by considering equations (6.9) through (6.11). If the TEM is
at steady state at open or short circuit, qH = qC , from eq. (1.11). Substituting equations (6.10) and
(6.11) into (6.9) and simplifying the electrical resistance gives eq. (6.18), where α is the module-level
Seebeck coefficient, R is the module-level electrical resistance, and Rth is the thermal resistance of
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one substrate, equal to R′′thA−1.
V = α(TH − TC − 2qRth)− IR (6.18)
Eq. (6.18) is only valid at open and at short circuit when qH = qC . Eq. (6.19) and eq. (6.20) are the
result of evaluating eq. (6.18) at open circuit, where I = 0 and V = Vo, and short circuit, where
V = 0 and I = Is. ∆T = TH − TC .
Vo = α(∆To − 2qoRth) (6.19)
IsR = α(∆Ts − 2qsRth) (6.20)
We are now faced with two equations and three unknowns: α, R, and Rth. However, we know
from modeling that the rapid steady state method and Harman method measure the true electrical
resistance, so that can be treated as known. By setting α in eq. (6.19) and eq. (6.20) equal to one
another, an expression can be derived for Rth.
2Rth =
∆ToVo −∆TsIsR
qsVo − qoIsR (6.21)
Plugging Rth back into eq. (6.19) yields α. To get the rapid steady state method to match the
Harman method, we also need to correct K.
By inspection of the model in fig 6.1, it is clear that the thermal conductance of the TEM at open
circuit is composed of the conductance of the thermoelements and the substrate thermal resistance.
Eq. (6.22) gives the heat rate through the TEM at open circuit, which can be easily rearranged to
obtain the corrected K.
q =
1
1
K
+ 2Rth
(TH − TC) (6.22)
K =
1
TH−TC
q
− 2Rth
(6.23)
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6.3.2 Experimental Procedure
A Thermonamic TEHP1-1264-0.8 TEM was tested over a range of mean temperatures with a 100K
temperature difference. At each temperature, the module was allowed to reach steady state at open
circuit and a rapid steady state test was conducted; then the module was allowed to reach steady
state at short circuit and another rapid steady state test was conducted.
After the first round of tests was run, a 1.59mm thick piece of Macor ceramic was placed between
the TEM and the cold side of the test stand, adding thermal resistance. The sequence of testing
was repeated for the TEM + Macor assembly. The tests were repeated one final time with 0.60mm
of alumina ceramic.
After all the rapid steady state tests, a single Harman test was run at the lowest mean temperature.
The current in the Harman test was 0.5A, which created a temperature difference of about 8K.
For each pair of open circuit/short circuit rapid steady state tests, Rth, α, and K were computed
using equations (6.21), (6.18), and (6.23), respectively. Module parameters were also calculated as
per the normal rapid steady state procedure for comparison.
6.3.3 Results
Before testing, the measured increase in Rth for the Macor and alumina ceramic was computed,
taking in account both the thermal conductivity of each ceramic and an expected contact
resistance between the ceramic and the TEM. The expected contact resistance was taken to be
2× 10−4 m2 KW−1 because a ceramic-ceramic interface will have higher thermal contact resistance
than the ceramic-metal interfaces studied in chapter 4. Table 6.4 shows a comparison of the predicted
and actual increase in Rth, averaged over the three temperatures studied.
Within uncertainties, the predicted and actual increase in Rth are the same, and figure 6.6 shows that
the Harman method measurements match the corrected rapid steady state measurements within
uncertainty. Combined with the modeling results, it appears that the thermal resistance of the
substrate is the primary factor which causes the results of different methods to differ.
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Table 6.4: Predicted and actual increase in thermal contact resistance for ceramic substrates
Ceramic λcer tcer Predicted Increase Actual Increase
Wm−1 K−1 mm KW−1 KW−1
Macor 2 1.59 0.621 0.647± 0.080
Alumina 17 0.60 0.147 0.123± 0.045
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(a) Uncorrected and corrected Seebeck coefficient measurements
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(b) Uncorrected and corrected thermal conductance measurements
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(c) Uncorrected and corrected ZT measurements
Figure 6.6: Model validation results
Chapter 7
Improved Tests Incorporating Substrate
Thermal Resistance
7.1 Thermal Resistance Module Model
If electrical contact resistance is neglected, the analytic model from chapter 6, shown in figure 6.1,
can be reduced to a standard-model TEM operating under a reduced temperature difference. The
reduced temperature difference is caused by thermal substrate resistance (HSR). Let us denote the
inner temperature difference by prime symbols (′), i.e. T ′H = T (0), T ′C = T (l), and T (0)−T (l) = ∆T ′.
The improved model is therefore equal to the standard model evaluated at ∆T ′, with two additional
conditions: eq. (7.5) and eq. (7.6), where Rth is the total thermal resistance on each side of the
module due to the HSR.
qH = αIT
′
H − 12I2R +K∆T ′ (7.1)
qC = αIT
′
C +
1
2
I2R +K∆T ′ (7.2)
P = αI∆T ′ − I2R (7.3)
V = α∆T ′ − IR (7.4)
60
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qH =
TH − T ′H
Rth
(7.5)
qC =
T ′C − TC
Rth
(7.6)
The addition of HSR to the standard model of TEMs makes the model test-method agnostic.
Without incorporating HSR, each method yields different parameters.
The steady state test yields parameters that predict the behavior the TEM at steady state, but since
HSR is incorporated in to the Seebeck coefficient, α, and the electrical resistance, R, the transient
electrical behavior is incorrectly predicted. The Gao Min test yields approximately the same results
as the steady state test.
The RSS test yields electrical resistance values that don’t incorporate HSR, which makes transient
electrical predictions by the RSS parameters better, but it is only accurate at the steady state
electrical load used for the initial load in the RSS test.
The Harman test measures the properties as they are in the improved model. It does not predict the
performance of the module well because it does not incorporate the effect of HSR. The parameters
measured by the Harman method show the performance that would be attainable if there was no
HSR.
7.2 Experimental Results Revisited
Given that we were able to correct for HSR in the limited subset of tests used for the model
validation, we should be able to apply the same type of corrections to all the experimental results
from section 5.3. In the sections that follow, the subscript m denotes measurements made by each
method without correction.
For all methods except the Harman method, it is possible to correct the measured parameters to fit
the new improved model. The Harman method already measures the values of α, R, and K used in
the improved model, so it is not necessary to correct it.
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We propose here that Rth should be considered as a fourth module parameter to be measured and
reported with module testing results. The measured Rth should be separated from the effects of
thermal contact resistance between the TEM and the test equipment. Figure 7.1 shows how thermal
contact resistance decreases the temperature difference across the outside of the module. This can
be done either by correcting the measured temperature difference or by subtracting the contact
resistance from the calculated value of Rth. Since we had already computed all properties based on
the measured temperature difference, we corrected for contact resistance by subtracting the known
contact resistance (1.1× 10−4 m2 KW−1, from table 4.1) from the computed Rth.
TH,m
TH
T ′H
Heater
Substrate
Leg
Rc
Rsub
Rc,i
Rth
Figure 7.1: Detail of thermal substrate resistance with definition of Rth and Rc.
7.2.1 Rapid Steady State
By combining the RSS open and RSS short measurements, Rth and the corrected parameters can
be collected in exactly the same way as in the validation experiments. First, Rth is determined from
eq. 6.21. The electrical resistance measured by the steady state method is independent of the current
or Rth, so the value of R from either the RSS open or RSS short method could be used. We used
the value from RSS open. Once Rth is known, the corrected Seebeck coefficient was computed from
eq. 6.19 and the corrected thermal conductance was computed from eq. 6.23. All three equations
are reproduced below.
2Rth =
∆ToVo −∆TsIsR
qsVo − qoIsR (6.21 revisited)
Vo = α(∆To − 2qoRth) (6.19 revisited)
K =
(
TH − TC
q
− 2Rth
)−1
(6.23 revisited)
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7.2.2 Steady State
The steady state method on its own does not collect enough information to extract Rth, so the value
obtained from the rapid steady state analysis was used to correct the steady state measurements.
The analysis begins with the equations used to compute the steady state parameters, shown below.
αm =
Vo
∆To
(7.7)
Rm =
Vo
Is
(7.8)
Km =
qH,o
∆To
(7.9)
(ZT )m =
α2mT
RmKm
(7.10)
Equations (7.7) through (7.9) can be rewritten using equations (6.19), (6.20), and (7.5) for Vo, Is
and qH,o, respectively, to yield the following equations.
αm =
Vo
∆To − qH(2Rth) (7.11)
Rm =
Vo
Is
=
α(∆To − qo(2Rth))
α
R
(∆Ts − qs(2Rth)) (7.12)
Km =
qo
∆T ′o + qo(2Rth)
(7.13)
The preceding equations can be rearranged to yield (7.14) through (7.17), which, if the value of Rth
is correct, are the TEM parameters corrected to fit the improved model.
α =
Vo
∆To
1
1−K(2Rth) (7.14)
R = Rm
∆Ts − qs(2Rth)
∆To − qo(2Rth) (7.15)
K =
(
1
Km
− 2Rth
)−1
(7.16)
ZT =
α2T
RK
(7.17)
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7.2.3 Gao Min
Ordinarily, heat rate data would not be collected by the Gao Min because the advantage of the Gao
Min method is that heat rate measurements are optional. However, we collected data for the heat
rate each time the Gao Min method was carried out, so the measurements can be corrected in a
way similar to the steady state method measurements.
Again, we start with the equations used to compute the measured parameters.
αm =
Vo
∆To
(2.7 revisited)
Rm =
αm∆Ts
Is
(2.8 revisited)
Km =
α2mT
Rm(ZT )m
(7.18)
(ZT )m =
∆To
∆Ts
− 1 (2.6 revisited)
The Seebeck coefficient is computed the same way as in the steady state method, so eq. (7.14) gives
the corrected Seebeck coefficient.
The electrical resistance can be corrected in the same manner as in the steady state method, shown
below.
Rm = αm
∆Ts
Is
(7.19)
=
α(∆To − qo(2Rth))
∆To
∆Ts
α
R
(∆Ts − qs(2Rth)) (7.20)
R = Rm
∆To
∆Ts
∆Ts − qs(2Rth)
∆To − qo(2Rth) (7.21)
To correct the thermal conductance, corrected ZT is needed. ZT cannot be corrected in the same
manner as the previous measurements because there are no electrical properties in the computation
of ZT for the Gao Min method. Instead, the corrected ZT is based on the temperature difference
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across the TEM legs, written in terms of the measured temperature difference.
ZT =
∆To − qo(2Rth)
∆Ts − qs(2Rth) − 1 (7.22)
K =
α2T
R(ZT )
(7.23)
7.2.4 Results
Pairing RSS Short and RSS Open tests with the same mean temperature and temperature difference,
we were able to obtain 15 points of corrected data with corresponding Rth values. The measurements
of HSR were very consistent. The total HSR (2(Rth + Rc)), uncorrected for contact resistance,
averaged 0.2407KW−1 and had a standard deviation of 0.0407KW−1. The contact resistance is
computed from the known contact resistance of graphite foil TIM and the area of the module.
Rc =
1.1× 10−4 m2 KW−1
(40mm)2
= 0.0688KW−1 (7.24)
Correcting for contact resistance yields Rth = 0.0516KW−1.
Using the uncorrected 2Rth = 0.24KW−1, the steady state and Gao Min test results were corrected
with the equations listed above. The uncorrected value has to be used for the correction because we
chose to correct the measured Rth value rather than correcting the temperature differences.
Figure 7.2 shows the corrected and uncorrected Seebeck coefficient values plotted against the
mean temperature. As you can see, the corrected Seebeck coefficient measurements lie much closer
together. The Harman test results are still higher than the other results, but the temperature trends
now match and if a few outliers are neglected, the difference is only about 5%. In all of the results
that follow, you will note that three data points obtained with the Gao Min method stand out as
outliers. These three points were collected at a very small temperature difference (20K) and also
appeared to be slight outliers in the original results. In figure 5.5, they seem to be lower than the
trend of ZT with temperature difference shown by other points would suggest. It is possible that
these points are erroneous, but we have included them for completeness.
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(a) Measured Seebeck coefficient
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(b) Corrected Seebeck coefficient
Figure 7.2: Comparison of corrected and uncorrected Seebeck coefficient. Fig. 7.2a is copied from
fig. 5.1.
Figure 7.3 shows the corrected and uncorrected electrical resistance plotted vs mean temperature.
Note that since the RSS resistance was not corrected, the RSS open results were used. Aside
from a couple outliers, the corrected electrical resistance values from different test methods are
indistinguishable.
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(a) Measured electrical resistance
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(b) Corrected electrical resistance
Figure 7.3: Comparison of corrected and uncorrected electrical resistance. Fig. 7.3a is copied from
fig. 5.2.
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Figure 7.4 and figure 7.4 show the corrected and uncorrected values for thermal conductance and
figure of merit. Once again, the correction works well, with the exception of the three outliers
mentioned earlier.
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(a) Measured thermal conductance
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(b) Corrected thermal conductance
Figure 7.4: Comparison of corrected and uncorrected thermal conductance. Fig. 7.4a is copied
from fig. 5.3.
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(a) Measured ZT
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Figure 7.5: Comparison of corrected and uncorrected figure of merit ZT . Fig. 7.5a is copied from
fig. 5.4.
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7.3 Improved Test Methods
The new thermal model can be used as a basis of new, higher fidelity test methods. Two examples
based on existing methods are presented.
7.3.1 With heat rate measurement
As described in section 6.3.1 Computing Thermal Contact Resistance, equation (6.21) can be used
to find Rth. As mentioned earlier, one can correct for contact resistance either by correcting the
temperature difference or by subtracting it from the measured Rth.
2Rth =
∆ToVo −∆TsIsR
qsVo − qoIsR (6.21 revisited)
To evaluate eq. (6.21), the test method must measure open circuit voltage, Vo, and short circuit
current, Is, at steady state with the corresponding temperature differences, ∆To and ∆Ts. The
electrical resistance, R, must also be known. Note that the electrical resistance will not be equal
to Vo
Is
, as in the steady state method. To measure the correct electrical resistance for the improved
model, a test method must perturb the electrical load rapidly to keep ∆T ′ from changing, as in the
Harman and RSS test.
Figure 7.6, adapted from McCarty and Piper [57], illustrates the difference between rapid and steady
state measurements of electrical resistance. The steady state electrical resistance is the slope of the
solid line, while the true electrical resistance is the slope of the dotted and dashed lines. Points are
labeled with McCarty and Piper’s notation, where Vs→o is the voltage immediately following a jump
from short circuit to open circuit and Io→s is the current immediately following a jump from open
circuit to short circuit. The instantaneous voltage-current relationship shifts from the dashed line
to the dotted line as current is increased because the increased heat flow causes ∆T ′ to decrease,
assuming that ∆T remains constant.
An expression for ∆T ′ is needed compute Seebeck coefficient and thermal conductance, which can
be found by setting eq. (7.5) and eq. (7.6) equal to each other and rearranging to yield eq. (7.25). In
Chapter 7: Improved Testing 69
Current (A)
V
ol
ta
ge
(V
)
(Vo, 0)
(0, Io→s)(0, Is)
(Vs→o, 0)
Steady
Instant, Open
Instant, Short
Figure 7.6: Illustration of true and apparent resistance. Adapted from McCarty and Piper [57]
the case of open or short circuit, hot and cold side heat rates are equal and and eq. (7.25) becomes
eq. (7.26).
∆T ′ = ∆T − (qH + qC)Rth (7.25)
∆T ′ = ∆T − q(2Rth) (7.26)
The Seebeck coefficient can be computed by measuring the open circuit voltage, temperature
difference, and heat rate. By rearranging eq. (7.4) and substitution eq. (7.26) for ∆T ′, one can
find eq. (7.27), where qo is the heat rate at open circuit. The thermal conductance is computed
similarly, as seen in eq. (7.28).
α =
Vo
∆To − qo(2Rth) (7.27)
K =
qo
∆To − qo(2Rth) (7.28)
The method described above is virtually identical to the method described by McCarty and Piper,
except that they did not attempt to correct for contact resistance.
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7.3.2 Without heat rate measurement
The previous method requires that the heat rate is measured at both open and short circuit, which,
because heat rate is difficult to measure accurately, may pose problems. The following procedure
enables one to determine Rth without knowing the heat rate.
First, one must obtain α, R, and K, the corrected Seebeck coefficient, electrical resistance, and
thermal conductance. The Harman method, as has been demonstrated earlier, measures α, R, andK
without taking HSR into account, could be used. Alternatively, if one knows the material properties
properties of each couple in the module, said properties can be multiplied by the number of couples
to obtain α, R, and K. Gao, Du, and Chen use the latter method to measure HSR in their 2013
paper [52], although Gao et al did not attempt to correct for contact resistance.
After the aforementioned parameters are obtained, the open circuit voltage, Vo, of the module at
steady state should be measured for a prescribed temperature difference, ∆To. The measured voltage,
Vo, will be equal to eq. (7.29), where qo is the open circuit heat rate. Since the module is at open
circuit, the hot and cold side heat rates are equal to each other and the conductance through the
leg times the temperature difference across the leg, as shown in eq. (7.30)
Vo = α(∆To − qo(2Rth)) (7.29)
qH,o = qC,o = K(∆To − qo(2Rth)) (7.30)
Combining, the above equations yields eq. (7.31).
2Rth =
∆To − Voα
K Vo
α
(7.31)
One complication of this method is that if a test stand cannot measure heat rate, it will be difficult
to measure thermal contact resistance. However, simply minimizing the contact resistance (perhaps
by using thermal grease) and adding an estimate of the thermal contact resistance to the reported
uncertainty in Rth may work for some use cases. The module which we used for experimentation had
graphite foil as a thermal interface material (TIM) and the contact resistance, Rc, was approximately
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equal to Rth. On our test stand, thermal grease reduced contact resistance by nearly an order of
magnitude, so Rth could still have been reasonably approximated if thermal grease was used and
the contact resistance was unknown.
7.3.3 Comparison and Benefits
The advantage of the first improved test method, called “V-I tracing” by McCarty and Piper, is that it
can be easily implemented on test stands designed to perform steady state tests. The only additional
measurement required by the V-I tracing method which is not included in a steady state test is the
instantaneous electrical resistance, which is easy to measure accurately with modern data acquisition
equipment as long the electrical load can be applied or removed quickly. The disadvantage of the
V-I tracing method is that by including heat rate measurements into the computation of Seebeck
coefficient, and, by extension, into a squared term in the figure of merit, the uncertainty of the
measurements is increased.
The advantage of the second improved method, the “enhanced Harman” method, over the “V-I
tracing” method is that, depending upon the test equipment available, this method may be more
accurate than relying on uncertain heat rates. The disadvantage of this test method is that it may
be difficult to design test equipment that conducts both a steady-state style (large ∆T ) test and
a Harman-style (small ∆T ) test. This can increase the test equipment complexity or demand two
pieces of test equipment for a single characterization. Another disadvantage is that because heat
rate is not measured, inaccurate initial parameters may cause undetected errors in the predicted
heat rate and efficiency.
The two proposed test methods are based mostly off the steady state and Harman methods and
the Gao Min method is absent. Part of this stems from the difficulty we encountered in getting
good results from the Gao Min method, but also because the primary advantage of the Gao Min
method over the Harman method is that it takes HSR into account in the same fashion as the
steady-state test. Since the “enhanced Harman” method allows one to measure all four parameters
of the improved model, the advantage of the Gao Min method is no longer relevant.
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In the end, the choice of test method should depend upon the testing goals. The (unenhanced)
steady state method an accurate predictor of module performance using the standard model of
TEMs given by equations (1.9) through (1.10). The downside of the steady state method is that a
heat rate measurement is required and HSR effects are incorporated into all three thermoelectric
parameters α, R, and K. The RSS, Gao Min, and unenhanced Harman methods all have their own
advantages over the steady state method, but the experiments and modeling done as part of this
work show that the results obtained from these methods will not predict TEM performance as well
as the steady state method. The inaccuracy of the results may be acceptable, e.g. in testing where
only changes in performance are important and the results do not need to be used in system models.
The proposed improved methods give the greatest benefit when the user of the test is specifically
looking for Rth, e.g. to develop manufacturing processes to reduce the HSR or comparing different
TIMs. The V-I tracing method separates out the effects of HSR from the thermoelectric parameters
by adding a single extra electrical measurement, which allows one to measure Rth, but the
consequence is that inaccurate heat rate measurements will impact all parameters, instead of K
and ZT only, as in the steady state method. The enhanced Harman method eliminates heat rate
measurements, which are notoriously difficult. The downside of the enhanced Harman method is that
the testing arrangement may need to be non-standard or redundant to accommodate the conditions
that need to be tested.
Chapter 8
Conclusion
This work is the first time that multiple parametric test methods were compared side by side using a
single module and test stand. The four methods studied; steady state, rapid steady state, modified
Harman, and Gao Min; yielded differing results for Seebeck coefficient, electrical resistance, and
thermal conductivity; simulated test methods indicated that the causal factor was the thermal
substrate resistance (HSR). By applying an analytic model to correct the results of the rapid steady
state method, the HSR was successfully measured and the resulting values for the rapid steady
state method matched the Harman method results. The expressions and test procedure we used to
measure HSR are very similar to recent work by McCarty and Piper [57], however, our derivation
allows for different temperature differences at the open and short circuit conditions, we performed
additional experiments to verify that the measured thermal resistance is correct, and we corrected for
contact resistance. Our findings confirm their results and further support the idea that the thermal
resistance is a highly important factor in TEM testing.
Moving beyond quantifying the effect of HSR, we advance the case that an additional parameter
measuring HSR, Rth should be added to parametric testing and that it should be corrected for test
stand contact resistance. We propose two test methods, one which requires heat rate measurements
and one which does not, that can measure Rth and describe how to correct for thermal contact
resistance. Parameters obtained from these test methods are consistent between test stands and
each other. Additionally, the parameters measured by this method are more consistent with the
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material properties of the thermoelectric materials used to construct modules because the effect of
HSR is no longer confounded with the thermoelectric effects.
Based on these analytic model developed to account for thermal substrate resistance, the parameters
measured in the original experiments were corrected. After correction, the parameters agreed
between methods. The improved model works well in experiments, however, we must note that
it does not take into account any two-dimensional effects, such as non-uniform temperatures on the
hot and cold site of the TEM, nor does it take into account heat conducted through the spaces in
between the module legs. Future analysis would be needed to determine how the two aforementioned
effects contribute to the testing results.
Moving forward, it would be interesting to conduct an analysis of optimal test stand design based
on uncertainty analysis of the test methods. During the experimental work performed, I noted
that certain tests were easier to perform based on the characteristics of the test stand, but studies
that designed test equipment rarely referred to how the test method influence the design. Given
knowledge of the types of measurements required by a test method and the desired uncertainty of
the measured parameters, it may be possible to guide test stand design.
HSR and the thermal resistance of the system into which a TEM is mounted impact the matched load
impedance of the thermoelectric system. During testing, I noted that the matched load impedance,
that is, the equivalent electrical load resistance which maximizes the power produced by a TEM,
is generally not equal to the TEM electrical resistance, R, as would be expected by considering
the equivalent circuit of a TEM. An analytic expression for the matched load resistance of a TEM,
given system constraints, might be useful Study of optimal test stand design and TEM matched
load impedance are suggested as possibilities for future work.
Appendix A
Uncertainty Analysis
All uncertainties were calculated from measurement uncertainties by the following propagation of
error procedure. Given a computed parameter F which is a function of three variables, x, y, and z,
i.e. F = f(x, y, z), and each of the three variables has an associated uncertainty δx, δy and δz, the
uncertainty in F is computed from eq. (A.1).
δF =
√(
∂F
∂x
δx
)2
+
(
∂F
∂y
δy
)2
+
(
∂F
∂z
δz
)2
(A.1)
This method assumes that the error in each variable is random and uncorrelated with the errors the
other variables.
A.1 Contact Resistance Measurement
To measure contact resistance, the area wise thermal resistance of the test sample is computed
from the physical dimensions, heat rate, and temperature difference. Area wise thermal resistance is
then regressed against test sample thickness to find the intercept of the best fit line. The equations
published by York are used to perform a least-squares linear fit to the data, taking uncertainties
into account in the slope, intercept, and respective standard errors[56].
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Equations (A.2) and (A.3) show the calculation of area wise thermal resistance and its associated
uncertainty, where x and y are the width and depth of the sample, respectively, q is the heat rate,
and ∆T is the temperature difference.
R′′ =
xy∆T
q
(A.2)
Since in all samples tested x ≈ y, the uncertainty calculation was performed as if xy ≈ x2. If
xy ≈ x2, then ∂
∂x
(xy) ≈ 2x ≈ x+ y.
δR′′ =
√(
(x+ y)∆T
q
δx
)2
+
(
xy
q
δ∆T
)2
+
(
xy∆T
q2
δq
)2
(A.3)
As stated in section 4.2.1, δx = δy = 0.02mm, δ∆T = 1K, and δq = 1W. Using typical
values of x, y, ∆T , and q, we can estimate the relative impact of each uncertainty. As shown
in table A.1, the uncertainty due to the physical dimensions is small in comparison to the other
sources. Depending upon how much heat rate flows, the uncertainty due to heat rate may dominate
the overall uncertainty.
Table A.1: Example uncertainty values
x (mm) ∆T (K) q (W) δR′′/x δR
′′
/∆T δR
′′
/q
40 100 30 5.3× 10−6 5.3× 10−5 1.78× 10−4
40 100 120 1.3× 10−6 1.3× 10−5 1.1× 10−5
A.2 Test Methods
Each test method has to compute four parameters: α, R, K, and ZT . Most of the time, the
uncertainties are derived by simply applying the general propagation of uncertainties approach
to the equations used to compute the parameters, with one notable exception. The rapid steady
state and the steady state methods find Vo and R through a least-squares fit. The uncertainty of Vo
and R in these methods is taken to be the standard error given by linear fit.
Since the general formula is simple, I will not list all of the uncertainty formulas here. Table A.2
shows some example uncertainty values for different temperature differences and methods.
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Table A.2: Uncertainty comparison between test methods and temperatures
Method ∆T (K) q (W) δα δR δK δZT
RSS 372 75 8.60× 10−5 1.41× 10−3 1.08× 10−2 6.91× 10−3
Steady 372 75 2.30× 10−4 1.10× 10−2 1.16× 10−2 7.90× 10−3
Harman 372 9.50× 10−4 1.40× 10−2 3.40× 10−2 7.20× 10−3
Gao Min 372 96.45 7.40× 10−5 6.60× 10−3 1.94× 10−2 3.26× 10−1
As table A.2 shows, the uncertainties of all methods are comparable, with a few notable outliers.
The Harman method has higher uncertainties for the Seebeck coefficient and thermal conductance,
primarily caused by the smaller temperature differences and larger absolute values of α and K. The
Gao Min method has higher uncertainty for the electrical resistance and figure of merit, although
curiously, it does not translate into higher uncertainty for the thermal conductance.
A.3 Correcting Test Methods for Rth
When correcting test methods to account for thermal substrate resistance (HSR), the uncertainty
of the HSR measurement is important, as is the added uncertainty in temperature difference due to
the uncertainty in HSR.
First, thermal substrate resistance.
2Rth =
∆ToVo −∆TsIsR
qsVo − qoIsR (6.21 revisited)
δ(2Rth) =
√(
Vo
X1
δ∆To
)2
+
(
X2
X21
Voδqs
)2
+
(
∆To
X1
X2
X21
∆ToδVo
)2
+(
IsR
X1
δ∆Ts
)2
+
(
∆TsR
X1
X2
X21
∆TsRδIs
)2
+(
X2
X21
IsRδqo
)2
+
(
∆TsIs
X1
X2
X21
∆TsIsδR
)2
(A.4)
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Table A.3: Components of thermal substrate resistance uncertainty
Component Value x103
(δRth/∆To )
2 1.033
(δRth/qs )
2 0.398
(δRth/Vo )
2 0.555
(δRth/∆Ts )
2 1.507
(δRth/Is )
2 0.118
(δRth/qo )
2 0.272
(δRth/R)
2 0.188
X1 = qsVo − qoIsR (A.5)
X2 = ∆ToVo −∆TsIsR (A.6)
For one of the validation tests at 373K with an 100K, HSR was 0.514KW−1. Table A.3 breaks
down HSR uncertainty by component, in order of the terms in eq. (A.4). Surprisingly, the largest
uncertainties come not from the heat rate, but from the temperature difference.
All testing for Rth is based on eq. (6.21), which defines a corrected temperature difference ∆T ′
based on HSR. Therefore, it is very important to know the uncertainty of the corrected temperature
difference. Eq. (A.7) gives the uncertainty in the corrected temperature difference, where ∆T is the
uncorrected temperature difference and q is the heat rate.
∆T ′ = ∆T − q(2Rth) (7.26 revisited)
δ∆T ′ =
√
(δ∆T )2 + (δq(2Rth))
2 + (q δ(2Rth))
2 (A.7)
For the same test as shown in table A.3, the uncertainty in the corrected temperature difference is
4.3K. This is due primarily to the final term, uncertainty in Rth.
Appendix B
Test Method Simulation Code
Imports
import re
import numpy as np
import scipy
import matplotlib
import matplotlib.pyplot as plt
Device Class
The device class provides a way to easily set up and run simulations. The solve and
solve_adiabaticmethods find analytical solutions to steady state problems and store the results
internally so that the state can be queried using the other methods of the class.
class Device:
def __init__(self,**kwargs):
self._properties = {’k_Cu’:360,’k_sub’:20,’k_Ag’:430,’k_TE’:1.8,
’rho_Ag’:1.6e-8,’rho_TE’:2e-5,
’alpha’:160e-6*2,
’l_Cu’:0.0025,’l_sub’:0.001,’l_Ag’:0.0013,’l’:0.0008,
’a’:0.0013,’N’:126,
’Rth_co’:1e-4,’Rth_ci’:1e-5,’Re’:1e-20}
self.C = np.zeros(2)
self.J = 0
self.update_properties(**kwargs)
def __len__(self):
return len(self._properties)
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def __getitem__(self,key):
return self._properties[key]
def __setitem__(self,key,value):
self._properties[key] = value
self._update_lengths()
def update_properties(self,**kwargs):
self._properties.update(kwargs)
self._update_lengths()
def _update_lengths(self):
self.Rth = self[’l_Cu’]/self[’k_Cu’] + self[’Rth_co’] +
self[’l_sub’]/self[’k_sub’] + self[’Rth_ci’]
self.A = self[’a’]**2
def solve(self,J,TH,TC):
# Store solution conditions
self.J = J
self.TH = TH
self.TC = TC
# Calculate combination constants
K = 1/self.Rth
Jalpha = J * self[’alpha’]
l = self[’l’]
# Calculate matrix coefficients
a = np.array([[-self[’k_TE’], Jalpha + K],
[-self[’k_TE’] + Jalpha*l - l*K, Jalpha - K]])
b = np.array([ TH*K, -TC*K - J**2*self[’rho_TE’]*l*(1 + l/(2*self[’k_TE’])*
(K - Jalpha)) - J**2 * self[’Re’]])
self.C = np.linalg.solve(a,b)
return self.C
def solve_adiabatic(self,J,TH):
self.solve_heatflux(J,TH,0)
def solve_heatflux(self,J,TH,heatflux):
# Store solution variables
self.J = J
self.TH = TH
# Calculate temperature profile
self.C[1] = TH - heatflux*self.Rth
self.C[0] = (heatflux + J**2 * self[’Re’] - J * self[’alpha’] * self.C[1])/
(-self[’k_TE’])
# calculate heat flux on non-adabatic side
l = self[’l’]
qC = -self[’k_TE’] * self.dTdx(l) + J * self[’alpha’] * self.T(l) +
J**2 * self[’Re’]
# Find TC from heat rate
self.TC = self.T(self[’l’]) - qC*self.Rth
def T(self,x):
return -self.J**2 * self[’rho_TE’] * x**2 / (2 * self[’k_TE’]) +
self.C[0] * x + self.C[1]
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def dTdx(self,x):
return -self.J**2 * self[’rho_TE’] * x / (self[’k_TE’]) + self.C[0]
def getqH(self):
return (self.TH - self.T(0))/self.Rth * self.A * self[’N’]
def getqC(self):
return (self.T(self[’l’]) - self.TC)/self.Rth * self.A * self[’N’]
def getJ(self,I=None):
if(I is None):
return self.J
else:
return I / self[’a’]**2
def getI(self,J=None):
if(J is None):
J = self.J
return J * self[’a’]**2
def getV(self,J=None):
if(J is None):
J = self.J
return (self[’N’] * self[’alpha’] * (self.T(0) - self.T(self[’l’])) - J *
self[’rho_TE’] * self[’N’] * self[’l’] -
J * 2 * self[’N’] * self[’Re’])
Test Methods
The functions below simulate the test methods under study
def steady_state_test(device,Th,Tc):
q = np.zeros(5)
V = np.zeros(5)
I = np.zeros(5)
# find short circuit
device.solve(0,Th,Tc)
V[0] = device.getV()
I[0] = device.getI()
device.solve(100,Th,Tc)
V[1] = device.getV()
I[1] = device.getI()
I_short = V[0] * (I[1]-I[0]) / (V[0]-V[1])
# run test for range of currents
I = np.linspace(0,I_short,5)
for i in range(5):
J = device.getJ(I[i])
device.solve(J,Th,Tc)
q[i] = device.getqH()
V[i] = device.getV(J)
# find parameters
(R,Voc) = scipy.polyfit(I,V,1)
deltaT = Th - Tc
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Tmean = 0.5*(Th+Tc)
alpha = Voc/deltaT
K = q[0]/deltaT
return (Tmean, alpha, -R, K, Tmean * alpha**2 / (-R * K) )
def rapid_steady_state(dev,Th,Tc,I0):
V = np.zeros(5)
I = np.zeros(5)
# solve for temperature condition
if(’short’ == I0):
# find initial current, which is steady state short circuit current
dev.solve(0,Th,Tc)
V[0] = dev.getV()
I[0] = dev.getI()
dev.solve(1000,Th,Tc)
V[1] = dev.getV()
I[1] = dev.getI()
I0 = I_short = V[0] * (I[1]-I[0]) / (V[0]-V[1])
# solve for heat rate
dev.solve(dev.getJ(I0),Th,Tc)
q = dev.getqH()
else:
#solve for heat rate
dev.solve(dev.getJ(I0),Th,Tc)
q = dev.getqH()
V[0] = dev.getV()
I[0] = dev.getI()
# find short circuit current
V[1] = dev.getV(1000)
I[1] = dev.getI(1000)
I_short = V[0] * (I[1]-I[0]) / (V[0]-V[1])
# run test for range of currents
I = np.linspace(0,I_short,5)
for i in range(5):
V[i] = dev.getV(dev.getJ(I[i]))
# compute parameters
(R,Voc) = scipy.polyfit(I,V,1)
deltaT = Th - Tc
Tmean = 0.5*(Th+Tc)
alpha = Voc/deltaT
K = (q - alpha*I0*Th - 0.5*R*I0**2)/deltaT
return (Tmean, alpha, -R, K, Tmean * alpha**2 / (-R * K) )
def harman(dev,TH,I):
J = dev.getJ(I)
# solve for +J
dev.solve_adiabatic(J,TH)
Vi1 = dev.getV()
Vo1 = dev.getV(0)
T1 = dev.T(dev[’l’])
# solve for -J
dev.solve_adiabatic(-J,TH)
Vi2 = dev.getV()
Vo2 = dev.getV(0)
T2 = dev.T(dev[’l’])
# compute parameters
alpha = (Vo1 - Vo2)/(T1 - T2)
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R = ((Vi1-Vi2) - (Vo1-Vo2))/(-2 * I)
K = (-alpha * I * (T1+T2))/(T1 - T2)
return (TH,-alpha,R,K, TH * alpha**2 / (R * K) )
def gao_min(dev,TH,TCo):
# Solve initial open circuit condition
dev.solve(0,TH,TCo)
Vo = dev.getV()
Th = dev.T(0)
Tc = dev.T(dev[’l’])
heatflux = dev.getqH() / (dev[’N’] * dev.A)
# Solve short circuit condition for same heat rate
relax = 1
J = 0.1 * (dev[’alpha’]/(dev[’rho_TE’]*dev[’l’] + 2*dev[’Re’]))*
(dev.T(0)-dev.T(dev[’l’]))
dev.solve_heatflux(J,TH,heatflux)
while(abs(dev.getV()) > 0.00001):
J = J * Vo / (Vo - dev.getV())
dev.solve_heatflux(J,TH,heatflux)
TCs = dev.TC
Is = dev.getI(J)
# Compute parameters
alpha = Vo/(TH-TCo)
R = alpha * (TH - TCs)/Is
ZT = (TH - TCo)/(TH - TCs) - 1
T = 0.5*(TH+TCs)
K = alpha**2 * T / (R * ZT)
return (T,alpha,R,K,ZT)
Result Generation
Using the test method simulation functions given above, test data is simulated against four condition
variables. Except for the condition being varied, the test conditions and model properties are the
same as in the Device class and given in table 6.3.
xlabels= [’Temperature (K)’, ’Temperature Difference (K)’, ’Substrate Thickness (m)’,
’Electrical Contact Resistance (Ohm-m2)’]
npts = 20
SS = np.zeros((len(xlabels),5,npts))
RSSo = np.zeros((len(xlabels),5,npts))
RSSs = np.zeros((len(xlabels),5,npts))
Harman = np.zeros((len(xlabels),5,npts))
GM = np.zeros((len(xlabels),5,npts))
# Vary Temperature
Tmean = np.linspace(300,700,npts)
deltaT = 100
module = Device(Re=0)
for i in range(npts):
T = Tmean[i]
Th = T + deltaT/2
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Tc = T - deltaT/2
SS[0,:,i] = np.array( steady_state_test( module, Th, Tc ))
RSSo[0,:,i] = np.array(rapid_steady_state( module, Th, Tc,0))
RSSs[0,:,i] = np.array(rapid_steady_state( module, Th, Tc,’short’))
Harman[0,:,i] = np.array( harman( module, T, 0.5 ))
GM[0,:,i] = np.array( gao_min( module, Th, Tc ))
# Vary Temperature Difference
Tmean = 400
deltaT = np.linspace(10,200,npts)
harmanI = np.linspace(0.2,3,npts)
module = Device(Re=0)
for i in range(npts):
T = Tmean
Th = T + deltaT[i]/2
Tc = T - deltaT[i]/2
SS[1,:,i] = np.array( steady_state_test( module, Th, Tc ))
RSSo[1,:,i] = np.array(rapid_steady_state( module, Th, Tc, 0 ))
RSSs[1,:,i] = np.array(rapid_steady_state( module, Th, Tc, ’short’ ))
Harman[1,:,i] = np.array( harman( module, T, harmanI[i] ))
Harman[1,0,i] = abs(T - module.T(module[’l’]))
GM[1,:,i] = np.array( gao_min( module, Th, Tc ))
SS[1,0] = RSSo[1,0] = RSSs[1,0] = GM[1,0] = deltaT
# Vary substrate thickness
Tmean = 400
deltaT = 100
l_sub = np.linspace(0,.009,npts)
for i in range(npts):
module = Device(Re=0,Rth_ci=0,Rth_co=1e-6,l_sub=l_sub[i])
T = Tmean
Th = T + deltaT/2
Tc = T - deltaT/2
SS[2,:,i] = np.array( steady_state_test( module, Th, Tc ))
RSSo[2,:,i] = np.array(rapid_steady_state( module, Th, Tc,0))
RSSs[2,:,i] = np.array(rapid_steady_state( module, Th, Tc,’short’))
Harman[2,:,i] = np.array( harman( module, T, 0.5 ))
GM[2,:,i] = np.array( gao_min( module, Th, Tc ))
SS[2,0] = RSSo[2,0] = RSSs[2,0] = Harman[2,0] = GM[2,0] = l_sub
# Vary electrical contact resistance
Tmean = 400
deltaT = 100
Re = np.logspace(-11,-7,npts)
for i in range(npts):
module = Device(Rth_ci=0,l_sub=0.00001,Rth_co=0,l_Cu=0,Re=Re[i])
T = Tmean
Th = T + deltaT/2
Tc = T - deltaT/2
SS[3,:,i] = np.array( steady_state_test( module, Th, Tc ))
RSSo[3,:,i] = np.array(rapid_steady_state( module, Th, Tc,0))
RSSs[3,:,i] = np.array(rapid_steady_state( module, Th, Tc,’short’))
Harman[3,:,i] = np.array( harman( module, T, 0.5 ))
GM[3,:,i] = np.array( gao_min( module, Th, Tc ))
print(module.Rth)
SS[3,0] = RSSo[3,0] = RSSs[3,0] = Harman[3,0] = GM[3,0] = Re
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Plot Generation
Plots are generated for all four measured parameters for each variable parameter listed above. All
generated plots are saved so they can be used in this document.
ylabels = [’’,’Seebeck Coefficient (V/K)’,’Electrical Resistance (Ohm)’,
’Thermal Conductance (W/K)’,’ZT’]
methods = [’Steady State’, ’Rapid Steady State Open’, ’Rapid Steady State Short’,
’Modified Harman’, ’Gao Min’]
methodstyles = [ ’k’, ’rs’, ’b^’,
’m-.’, ’g*’]
stripunits = re.compile(r"\s*(\(.*?\))*")
alldata = np.concatenate([[SS],[RSSo],[RSSs],[Harman],[GM]],axis=0)
for j in range(len(xlabels)):
for i in range(1,len(ylabels)):
fig = plt.figure(len(ylabels)*j + i)
ax = fig.add_subplot(1,1,1,ymargin=1)
ax.set_xlabel(xlabels[j])
ax.set_ylabel(ylabels[i])
# select plot type
plotfunc = None
if( False ):
plotfunc = ax.loglog
elif( j == 3 ): # everything vs electrical contact resistance
plotfunc = ax.semilogx
else:
plotfunc = ax.plot
# plot the data
for k in range(alldata.shape[0]):
plotfunc(alldata[k,j,0,1:],alldata[k,j,i,1:],
methodstyles[k],label=methods[k])
# set axis limits
if( j == 3 and i == 2 ):
ax.set_ylim(bottom=4.5e-3*126*2,top=9e-3*126*2)
elif( j == 3 and i == 3 ):
ax.set_ylim(top=1e-2*126)
else:
#ax.set_ylim(bottom=0)
pass
# save plot
plotname = "%s_vs_%s.eps"%(stripunits.sub("",ylabels[i]),
stripunits.sub("",xlabels[j]))
fig.savefig(plotname)
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